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ABSTRACT 


O 

The  gas  phase,  Hg  6(“>P^  )  atom  initiated  decomposition  of  di- 
borane  has  been  studied  in  a  closed  circulating  system  as  a  function  of 
time,  temperature,  light  intensity  and  pressure.  The  effect  of  the 
presence  of  added  nitric  oxide,  molecular  hydrogen  and  olefins  was 
also  investigated. 

Experimental  evidence  obtained  supports  a  homolytic  clevage  of 
a  terminal  boron-hydrogen  bond  in  the  primary  process. 

Hg  6(3Pj  )  +  B2H6  H  +  B2H5  +  Hg  6(1SQ) 

Kinetic  studies  reported  here  demonstrate  that  the  above  primary 
radicals  participate  in  a  two  center  free  radical  chain  process  pro¬ 
ducing  molecular  hydrogen  and  tetraborane  as  primary  products  in  a 
1:1  mole  ratio.  This  chain,  as  well  as  the  thermal  decomposition  of  di- 
borane  at  room  temperature,  is  inhibited  by  nitric  oxide.  The  activa¬ 
tion  energy  was  determined  to  be  4.  9-  0.  1  kcal/mole  for  the  proposed 
chain  propagating  steps. 

H  +  B2H6  — >  B2H5  +  H2 

B2H5+  B2H6  — >  B4H10+  H 
Two  chain  terminating  steps: 

2  B2H5  B4H10 

H  +  B2H5  — >  B2H6 

are  found  to  be  important  at  high  pressure,  high  light  intensity  and  low 
pressure,  low  light  intensity  respectively. 
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Addition  of  olefins  to  the  reaction  mixture  enhances  the  chain 
through  the  removal  of  hydrogen  atoms  in  the  formation  of  alkyl  free 
radicals,  which  further  react  with  diborane  to  regenerate  hydrogen 
atoms  and  to  produce  alkyl  diboranes.  Evidence  is  presented  to 
demonstrate  that  the  exchange  of  alkyl  substituents  on  diborane  is  free 
radical  in  character. 

Further  the  sulfhydryl  radicals  produced  in  the  photolysis  of  hy¬ 
drogen  sulfide  in  the  presence  of  diborane  undergo  an  identical  re¬ 
action  with  the  substrate  producing  diborylmer captan,  E^H^SH. 

The  reactions  of  diborane  with  both  singlet,  S(^D),  and  triplet, 

O 

S(JP),  have  also  been  examined.  The  former  species  reacting  with  di¬ 
borane  by  insertion  in  a  terminal  boron-hydrogen  bond  to  form  the 
above  mentioned  diborylmer  captan  while  the  latter  was  found  unre¬ 
active  with  the  substrate. 

Lastly,  an  attempt  is  made  to  correlate  some  of  the  chemical 
reactions  of  diborane  from  the  point  of  view  of  free  radical  involvement. 
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PREFACE 


A  complete  mechanistic  scheme  of  a  chemical  reaction  should 
delineate  a  detailed  picture  of  each  step  in  the  process.  This  implies 
a  knowledge  of  the  activated  complex  or  transition  states  involved  in 
the  elementary  reactions  not  only  in  terms  of  constituent  molecules 
but  also  in  terms  of  the  geometry  of  and  electronic  distributions  within 
the  reacting  entities. 

Kinetic  and  stereochemical  studies  provide  the  most  powerful 
tools  for  obtaining  information  regarding  reaction  mechanisms. 
However,  rarely  is  it  possible  to  obtain  absolute  knowledge.  Thus, 
mechanisms  are  postulated  which  are  consistent  with  the  known  experi¬ 
mental  data  and  in  theory  describe  the  chemical  transformation.  Like 
other  theories,  mechanisms  are  subject  to  alteration  or  modification 
as  new  information  is  obtained.  Nevertheless,  the  postulation  of  a 
reaction  mechanism  is  of  the  greatest  help  in  understanding  and 
systematizing  the  study  of  chemical  interactions. 
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CHAPTER  I 


INTRODUCTION 

The  inter- reactions  of  the  boron  hydrides  and  reactions  of 
their  simpler  derivatives  have  been  studied  extensively.  While  the 
products  of  these  reactions  have  been  characterized,  very  little  is 
known  concerning  the  reaction  mechanisms.  Due  to  the  complexity  of 
the  boron  hydride  structures,  the  mechanisms  of  their  reactions  are 
not  readily  discernable  from  the  stoichiometry  of  the  reactants  and 
products  involved. 

Historical  Background 

The  existence  of  volatile  hydrides  of  boron  has  long  been  known. 
As  early  as  1878  Jones  and  Taylor1  had  investigated  the  gases  evolved 
when  hydrochloric  acid  acts  upon  the  binary  compound  of  boron  and  a 
more  electropositive  metal,  in  this  case  magnesium.  They  observed 
that  the  gas  evolved,  although  mostly  hydrogen,  burned  with  a  green 
flame,  had  a  characteristic  nauseating  odor,  reduced  solutions  of  sil¬ 
ver  salts  and  yielded  boron  metal  when  strongly  heated. 

A  decade  later  Sabatier2  confirmed  the  qualitative  findings  of 
Jones  and  Taylor.  An  additional  ten  years  passed  before  Ramsay  and 


1 


. 
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Hatfield  utilized  condensation  by  liquid  air  and  gas  diffusion  techni¬ 
ques  to  concentrate  the  volatile  hydride  products.  Attempts  were  made 
by  these  investigators  to  obtain  physical  constants  on  the  concentrated 
material  and  to  decompose  it  by  electric  spark  into  boron  metal  and 
hydrogen  for  the  purpose  of  elucidating  the  molecular  formula.  Their 
efforts  were  frustrated  by  the  instability  of  the  material  and,  as  de¬ 
monstrated  later  by  Stock  and  Massenez^,  by  the  probable  admixture 
of  considerable  amounts  of  silane  which  resulted  from  silicon  impur¬ 
ities  in  the  magnesium  boride  used  in  preparation. 

The  above  were  the  only  published  works  on  the  hydrides  of 
boron  until  1912  when  Stock  embarked  on  his  monumental  work  of  syn¬ 
thesizing,  purifying,  characterizing,  and  studying  the  interconver¬ 
sions  of  the  volatile  boron  hydrides.  A  tribute  to  his  imaginative  ex¬ 
perimentation  is  the  technique  he  developed  over  the  next  score  of 
years  for  the  handling  of  these  potentially  hazardous  and  unstable,  vo¬ 
latile  materials,  which,  due  to  their  reactivity  toward  oxidation,  can¬ 
not  be  manipulated  in  air.  The  efforts  of  Stock  and  his  co-workers  is 
excellently  summarized  in  a  collection  of  his  George  Fisher  Baker 
lectures  at  Cornell  in  1933^- 

About  1930,  H.  I.  Schlesinger^  and  his  students  initiated  studies 
of  these  interesting  compounds  in  the  United  States.  More  efficient 
preparitive  techniques  were  developed  and  the  chemical  studies  were 
expanded.  At  the  same  time,  E.  W  iberg,  one  of  Alfred  Stock's  stu- 
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dents,  carried  on  similar  effort  at  Munich*^. 

In  approximately  1950,  military  interest  in  rocket  fuel  applica¬ 
tions  led  to  a  vast  expansion  in  the  experimental  research  in  the  field. 
Thus,  the  subsequent  knowledge  gained  greatly  enhanced  the  general 
understanding  of  the  chemistry  of  these  non-classical  compounds  over 
the  last  two  decades. 

Stoichiometry  and  Structure 

Unlike  the  hydrocarbons,  which  are  a  homologous  series  built 
up  around  a  tetravalent  carbon  atom  comprising  electron  pair  covalent 
bonds,  the  boranes  are  a  progression  of  electron-deficient  compounds, 
from  a  classical  valence  bond  point  of  view.  The  series  does  not  in¬ 
crease  regularly,  but  by  various  boron  and  hydrogen  increments  which 
produce  stable  configurations.  These  show  a  pattern  involving  boron 
in  or  near  a  sp^  orbital  situation,  in  spite  of  the  fact  that  the  boron 
atom  has  but  three  valence  electrons  to  contribute  to  bonding  orbitals. 

The  unusual  formulae  and  apparently  abnormal  bonding  have  led 
to  a  great  deal  of  speculation  concerning  the  molecular  structures  of 
the  boranes.  Only  recently,  largely  through  the  work  of  Lipscomb 
and  his  students  ,  has  there  been  a  general  agreement  as  to  the  spa- 
cial  and  bonding  perameters.  Since  a  knowledge  of  structure  is  a  ne¬ 
cessity  in  understanding  the  chemistry  of  boranes,  a  short  discussion 
is  presented  in  Appendix  I. 

Thermal  Decomposition 
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All  of  the  volatile  boron  hydrides  are  thermodynamically  un¬ 
stable  and  those  containing  BH^  groups  decompose  at  room  tempera¬ 
ture  to  produce  hydrogen  and  higher  molecular  weight  hydrides.  In 
the  past  two  decades  a  large  number  of  studies  have  been  made  on  the 
"dehydropolymerization"  of  diborane  but  despite  this  fact,  the  mech¬ 
anisms  of  some  of  the  reactions  involved  still  remains  in  considerable 
doubt. 

Studies  directly  related  to  the  elucidation  of  the  mechanism  of 
diborane  decomposition  were  started  by  Schlesinger  and  Burg^  in  the 
early  1930's.  They  found  pentabor ane-11  to  be  the  major  product 
formed  by  thermal  decomposition  in  a  flow  system.  Stock  and  Mathing^ 
reported  the  controlled  decomposition  of  diborane  at  180°C  and  low  pre¬ 
ssure  to  yield  mainly  pentabor ane- 11  together  with  a  considerable 
amount  of  tetraborane  but  no  pentaborane-9. 

Kinetic  studies  on  the  thermal  decomposition  were  carried  out 

11  •  1  ? 

simultaneously  by  Pease  and  Clarke  and  Bragg  and  his  co-workers 
Pease  and  Clarke  found  the  reaction  to  be  first  order  in  diborane  con¬ 
centration  at  low  conversion,  three-halves  for  intermediate  and  sec¬ 
ond  order  for  higher  conversions.  The  presence  of  hydrogen  in  a 
molar  ratio  of  1.  5  to  1  diborane  was  found  to  decrease  the  rate  of  de¬ 
composition,  whereas  the  presence  of  nitrogen  as  a  diluent  was  with¬ 
out  effect.  The  following  proposed  mechanism  is  consistent  with  their 
rate  equation  for  the  initial  process  of  the  reaction: 

B2H6  2BH3 


(1) 
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bh3  + 

B2H6  ' 

B3H7  +  H2 

(2) 

B3H7  + 

B2H6  ' 

—  > 

B4H1  0  +  BH3 

(3) 

Bragg  et  al.  found  the  rate  determining  step  to  be  three-halves 
order  by  measuring  the  rate  of  increase  in  total  pressure  and  hydrogen 
formation.  Activation  energies  for  the  decomposition  from  these  two 
sets  of  data  were  27.4  and  25.  5  kcal/mole  respectively.  In  conjunc¬ 
tion  with  the  above  studies  mass  spectral  analyses  were  made  on  the 
products  of  the  reaction  at  100-120°C  and  3-123  torr  during  the  course 
of  the  pyrolysis.  The  formation  of  pentaborane-11  as  an  intermediate 
in  the  formation  of  most  other  boranes  was  postulated. 

The  following  reaction  scheme  agreed  with  their  observations. 


B2H6  ^ 

2BH3 

(1) 

B2H6  +  BH3  - 

Intermediates 

(4) 

B^H^  +  Intermediates  - — 

> 

B5H1 1  +  2H2 

(5) 

B5H1 1  - 

B5H9  +  H2 

(6) 

B5H1  X 

~> 

B^H^  +  Higher  hydrides 

(7) 

Borer  and  co-workers  J  used 

gas  chromatography  to  follow 

the 

results  of  the  pyrolysis  of  diborane.  The  results  were  in  general  ag¬ 
reement  with  the  mass  spectral  data  of  Bragg. 

Stewart  and  Adler1^  also  studied  the  pyrolysis  and  noted  penta¬ 
borane-11  as  the  first  product.  Its  rate  of  formation  was  three-halves 
order  in  diborane. 

In  contrast,  Klein  and  co-workers^  were  able  to  prepare  large 
quantities  of  tetraborane  directly  from  diborane  while  producing  in- 


' 
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significant  amounts  of  pentaborane- 11.  They  utilized  a  "Dewar"  type 
tube  externally  cooled  and  heated  centrally  to  120°C.  The  short  diff¬ 
usion  distance  to  and  condensation  at  the  cold  wall  allowed  removal  of 
the  tetraborane  before  subsequent  decomposition  could  occur.  In  addi¬ 
tion,  the  amount  of  hydrogen  produced  in  the  reaction  was  equal  to  the 
amount  of  tetraborane  formed. 

2B  H  — >  B  H  „  +  H,  (8) 

26  4  10  2 

It  was  thus  clear  that  the  pentaborane-11  found  in  the  other  stu¬ 
dies  of  diborane  pyrolysis  was  produced  at  earliest  in  a  secondary  pro¬ 
cess. 

1 6 

In  light  of  the  above  work  Schaeffer10  reviewed  the  various  steps 
in  the  conversion  of  diborane  to  pentaborane-11.  He  also  includes  the 
use  of  triborane-7  and  tetraborane- 8  as  intermediates  in  his  preferred 

(1) 
(9) 
(10) 
(3) 
(ID 
(12) 

Perdeutero-diborane  was  found  to  decompose  five  times  more  slowly 

IV 

than  diborane  at  100°C.  From  this,  Eurione  and  Schaeffer1  thus  pos¬ 
tulated 

B  H  • — >  B  H  +  H 

3  9  3  7  2 


mechanism. 


B  H 
2  6 


->  2BH 


BH  +  B  H 
3  2  6 

B  H 
3  9 

B  H  +  B  H 
3  7  2  6 


— >  B  H 
3  9 

— >  B  H  +  H 

3  7  2 

— >  B  H  +  BH 

4  10  3 


B  H 
4  10 


->  B  H  +  H 
4  8  2 


B  H  4  B  H, 
4  8  2  6 


->  B  H  +  BH 
5  11  3 


(2a) 
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to  be  the  rate  controlling  step. 

Other  Modes  of  Decomposition 

A  number  of  investigators  have  used  other  than  thermal  means 

to  initiate  the  decomposition  of  diborane.  As  early  as  1913  Stock  and 

1 8 

Friederici  observed  a  pressure  increase  and  the  production  of  yellow 
crystals  upon  irradiation  of  diborane  with  a  quartz  ultraviolet  lamp. 

19 

Nelson  and  Ramsay  flash  photolyzed  diborane  in  the  region  of 
1450-2000  A  in  an  effort  to  find  spectral  evidence  of  BH^.  They  did 
not,  nor  did  they  report  any  product  analysis  or  pressure  observa¬ 
tions  . 

•  ?  0 

The  pyrolysis  of  diborane  was  studied  by  Fehlner  and  Koski  u 
using  a  chemical  shock  tube  as  a  reactor.  Products  as  high  as  bor- 
ane  were  reported.  Pentaborane- 9  was  present  in  the  highest  concen¬ 
tration  in  the  volatile  products  followed  by  pentaborane-11  and  then  te- 
traborane. 

Kotlensky  and  Schaeffer  studied  the  diborane  decomposition  in¬ 
itiated  by  a  silent  discharge.  Tetraborane  was  produced  in  40%  yield, 
while  pentaborane- 9  and  pentaborane-11  had  yields  of  20%  and  30%,  re¬ 
spectively. 

Photochemically  initiated  studies  of  diborane  decomposition  in¬ 
clude  photolysis  using  the  1849  A  resonance  line  of  a  low  pressure  arc 
by  Kreye  and  Marcus^'  and  Hg  6(^Pj)  mercury  photosensitization  by 
Hirata  and  Gunning  . 

Krey  and  Marcus  determined  that  the  major  products  of  the  pho- 
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tolysis  were  tetraborane  and  hydrogen  along  with  variable  amounts  of 
pentaborane-11,  depending  upon  the  light  intensity.  They  suggested 
that  the  higher  boranes,  B^H-^q  and  were  formed  by  two  distinc¬ 

tly  different  mechanisms. 


B  H  +  h~v 
c.  o 

> 

B2H6*  ->  2BH3 

(13) 

l  (M)->  B  H 

(14) 

• 

2  6 

BH3 +  B2H6  ~ 

> 

B3H7  +  H2 

(2) 

B3H7  +  B2H6  - 

~> 

B5HH  +  H2 

(15) 

B2H6  +  hS) 

-> 

B2H5  +  H 

(16) 

H  +  B  H 

2  5 

-> 

(B2H2)x+  2H2 

(17) 

2B2HS 

-> 

B4H1  0 

(18) 

(M) 

*  2H  — 

> 

H2 

(19) 

The  Hg  6(3Pj)  photosensitization  studies  of  Hirata  and  Gunning 
produced  essentially  the  same  products  as  the  above  photolysis.  Ma¬ 
jor  products  were  tetraborane,  hydrogen  and  pentaboranes .  However, 
pentaborane-9  was  found  to  be  the  major  component  of  the  pentaborane 
fraction  recovered. 

A  mechanism  involving  the  primary  scission  of  a  B-H  bond, 
which  qualitatively  accounts  for  the  observed  reaction  characteristics, 
was  propose  d. 


E2H6+  Hg  6(3Pl) 

— > 

B2H5  +  H  +  Hg  6(1S0) 

(20) 

2B2H5 

— > 

B  H, 

4  10 

(18) 

2B2H5 

— > 

B2H4  +  B2H6 

(21) 

B2H4  +  x 

- > 

Pentaboranes  +  solids 

(22) 

* 
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Free  Radical  Possibilities 

While  the  homolytic  cleavage  of  the  B-H  bond  leading  to  free  rad¬ 
icals  was  postulated  on  the  basis  of  analogous  results  in  the  Hg  6(^P^) 
reactions  with  alkanes  evidence  from  the  following  studies  support 
the  postulation  of  free  radical  involvement  in  diborane  decomposition. 

Hurd^  has  studied  the  decomposition  of  diborane  in  the  presence 
of  the  paraffins,  methane,  butane  and  pentane.  He  reported  break¬ 
down  or  synthesis  of  carbon  chains.  The  products  found  can  be  attri¬ 
buted  to  a  free  radical  initiated  decomposition  of  the  paraffins  well  be¬ 
low  the  normal  thermal  cracking  temperature  for  these  molecules. 
Furthermore,  Stock^  has  demonstrated  the  reduction  of  disilane  by 
species  produced  in  thermal  diborane  decomposition.  In  addition,  the 
explosive  character  of  the  reaction  of  ethylene  with  diborane  below  a 
molar  ratio  of  two,  as  experienced  by  Whatley  and  Pease6J,  suggests 
radical  chain  involvement. 

The  explosive  oxidation  of  diborane  has  received  considerable  at¬ 
tention  in  the  recent  literature^.  Spectral  analysis  of  flame  studies 
are  complicated  by  the  heterogeneous  nature  of  solid  reaction  products 
which  dominate  the  emission  spectra.  Nevertheless  mechanistic  ana¬ 
lysis  of  the  explosion  limits  has  been  interpreted  by  Roth^^  to  include 
a  bimolecular  chain  branching  reaction  and  a  termolecular  chain  break¬ 
ing  step.  Oxygen  atoms  are  proposed  as  chain  carriers.  One  of  the 
unexplained  features  of  diborane  flames  is  the  absence  of  OH  emission 
while  according  to  equilibrium  calculations  a  stoichiometric  diborane- 
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oxygen  flame  should  have  7%  OH  in  its  burnt  gases^.  It  is  of  interest 
to  note  that,  while  oxygen  rich  diborane  flames  produce  no  higher  hydri¬ 
des  as  intermediate  products,  molecular  hydrogen  is  formed^.  In 
contrast,  the  partial  oxidation  of  diborane  by  reaction  with  O  atoms^ 
initially  gives  tetraborane  in  addition  to  hydrogen  in  significant  yields. 
Thermal  instability  of  tetraborane,  no  doubt,  contributes  to  its  lack  of 
detection  in  flames. 

Further,  in  a  recent  review  Stone^  points  out  that  in  the  absence 
of  a  Lewis  base,  reactions  of  diborane  and  molecules  containing  car¬ 
bon-carbon  p'jT  -  p'ff  bonds  do  not  always  involve  a  simple  addition  of  a 
borane  group  to  the  double  bond.  Vinylsilane  and  diborane  mixtures 
react  in  the  gas  phase  to  give  silane  and  hydrogen  while  in  the  presence 
of  an  ether  the  group  is  not  cleaved  but  simple  addition  to  the  double 
bond  is  achieved.  Similar  reactions  are  demonstrated  with  vinyl  fluo¬ 
ride  and  vinyl  chloride.  These  results  suggest  a  multiplicity  of  possi¬ 
ble  mechanisms  depending  upon  the  environmental  composition  of  the 
reacting  system. 

Two  preliminary  publications  have  appeared  containing  direct 
evidence  regarding  the  existence  of  borane  free  radicals.  A  stable 
dimesityl  borane  free  radical  was  identified  through  its  electron  spin 
resonance  spectrum  by  Leffler  and  his  co-workers^  •  This  radical 
was  produced  by  the  reaction  of  dimesitylboron  fluoride  in  1,  2  dime- 
thoxyethane  with  sodium-potassium  alloy  at  room  temperature  and  is 
shown  to  be  stable  in  solution  for  at  least  four  months.  Pyridine  addi- 
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tion  causes  the  formation  of  a  stable  complexed  radical.  Secondly, 
Koski  and  FehlnerJJ  have  observed  the  boryl  radical,  BH2,  in  a  diff¬ 
erential  mass  spectrometer  into  which  the  products  from  a  hot  tube  py¬ 
rolysis  of  diborane  were  leaked.  Although  borane  fragments  were  also 
present,  a  precise  study  of  the  appearance  potentials  of  both  ions  ana¬ 
lyzed  demonstrated  that  the  boryl  radical  ion  was  not  formed  by  decom¬ 
position  of  the  borane  ion  but  was  present  as  an  independent  species. 

On  the  basis  of  their  data  it  was  concluded  that  at  least  one  of  the  ini¬ 
tial  steps  in  the  pyrolysis  of  diborane  is  the  unsymetrical  cleavage  of 
the  bridge  bond  and  the  formation  of  a  boryl  radical  and  an  unstable  te- 
tr ahydr oborane  species,  which  quickly  decomposes  to  molecular  hyd¬ 
rogen  and  a  second  boryl  radical. 

B2H6  BH2  +  BH4  (23) 

BH  — >  H  +  BH,  (24) 

4  2  2 

The  mechanistic  interpretations  of  the  foregoing  thermal  decom- 
postion  of  diborane,  as  well  as  its  reactions  with  various  substrates, 
has  heretofore  been  based  almost  solely  on  the  three  halves  reaction 
order  found  in  early  kinetic  studies  of  the  diborane  thermal  decompo¬ 
sition.  In  those  studies  essentially  a  simultaneous  measurement  of  the 
first  two  reactions  leading  through  tetraborane  to  pentaborane-11  was 
achieved.  Furthermore,  product  analysis  was  difficult  due  to  polymer 
formation  and  mass  balances  were  incomplete. 

Kinetic  discrepancies  in  the  use  of  diborane-borane  equilibrium 
as  the  first  step  in  mechanisms  of  several  of  diborane  reactions  with 
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the  absence  of  a  strong  Lewis  base  are  pointed  out  by  Bauer^  and  the 

experimental  inadequacy  for  invoking  homogeneous  kinetic  treatment 

3  5 

is  detailed  by  Garabedian  and  Benson  .  Thus,  the  primary  steps  in 
the  reactions  of  diborane  clearly  remain  unsettled  and  the  present  in¬ 
vestigation  was  directed  toward  the  elucidation  of  these  steps. 

Of  fundamental  interest  is  the  "dehydropolymerization"  of  dibor¬ 
ane  by  itself.  Independent  of  mode  of  initiation,  tetraborane  appears 
to  be  the  first  higher  hydride  formed  and  a  detailed  analysis  of  the  kin¬ 
etic  parameters  of  its  formation  would  be  expected  to  yield  invaluable 
information  regarding  the  reactive  species  involved. 

The  Method  of  Kinetic  Analysis 

Before  a  satisfactory  mechanism  can  be  written,  some  knowledge 
of  the  structure  of  the  reactive  species  must  be  obtained.  Experimen¬ 
tally  this  is  sometimes  extremely  difficult  particularly  if  free  radicals 
are  involved.  This  difficulty  usually  arises  from  their  high  reactivi¬ 
ty,  both  with  other  radicals  and  with  molecules  present  in  the  reaction 
system. 

However,  in  general,  a  univalent  free  radical  is  not  easily  dis¬ 
posed  of;  if  it  reacts  with  surrounding  molecules  it  will  itself  disapp¬ 
ear  but  will  generate  another  free  radical.  The  only  way  univalent 
free  radicals  can  be  removed  from  a  reaction  system  is  either  self¬ 
recombination  or  disproportionation.  This  result  is  a  necessary  con¬ 
sequence  of  the  fact  that,  with  almost  negligibly  few  exceptions,  stable 


molecules  contain  an  even  number  of  electrons. 
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The  use  of  chemical  kinetic  analysis  of  a  reaction,  with  its  dyna¬ 
mic  approach,  has  proven  most  informative  with  respect  to  the  details 
of  intermediate  species.  These  details  are  unobtainable  from  the  limi¬ 
ted  knowledge  of  the  stoichiometry  of  reactants  and  products  involved 
in  a  chemical  transformation. 

Photochemical  Initiation 

To  unravel  the  individual  steps  of  a  reaction  in  question  it  is  nec¬ 
essary  to  initiate  the  reaction  in  such  a  manner  as  to  minimize  secon¬ 
dary  reactions.  In  this  connection  photochemical  techniques  have  pro¬ 
ven  to  be  most  useful  for  the  reason  that  reaction  can  be  initiated  at 
low  temperatures  where  the  decomposition  of  thermally  sensitive  spe¬ 
cies  is  usually  unimportant.  Moreover,  the  energetics  of  the  primary 
process  may  be  more  easily  defined  as  well  as  the  number  of  activated 
molecules . 

With  Planck's  "quantum  theory"  (1901),  Einstein's  "equivalence 
principle"  (1912),  and  Bohr's  "theory  of  atomic  structure"  (1913),  the 
foundations  of  modern  photochemistry  were  established.  It  was,  how¬ 
ever,  much  earlier  that  Grotthaus  (1817)  and  Draper  (1841)  proposed 
that  only  light  which  is  absorbed  can  be  effective  in  producing  chemi¬ 
cal  change.  The  second  basic  rule  of  photochemistry  was  postulated 
by  Stark  (1908)  and  again  by  Einstein  (1912);  that  one  quantum  of  light 
is  absorbed  per  molecule  of  absorbing  substance.  However,  this  ac¬ 
tivated  molecule  need  not  undergo  a  chemical  reaction.  Therefore, 

<s  a  photolytic  reaction  can  only  occur  when  the  absorbed  photon  produ- 
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ces  a  dissociative  electronic  state  in  the  molecule  and  no  fluorescence 
or  phosphorescence  occurs. 

In  many  cases  direct  photolysis  of  the  molecule  may  be  inconve¬ 
nient  experimentally.  Such  is  the  case  with  diborane  which  absorbs 
only  at  wave  lengths  below  2000  A.  The  aforementioned  difficulty  can 
be  conveniently  avoided  by  the  use  of  photosensitization. 

On  the  basis  of  Klein  and  Rossland's  predications  of  collisions 
of  the  second  kind^,  Cario^?  demonstrated  that  Hg  6(^P]_)  atoms  can 
engender  the  electronic  excitation  of  thallium  and  sodium  atoms.  Not 
long  afterwards  Cario  and  Frank^  also  showed  Hg  6(^Pl)  atoms  bring 
about  the  dissociation  of  H2  molecules  in  a  similar  process. 

With  thallium  and  sodium  atoms  the  energy  acquired  by  collision- 
al  transfer  from  Hg  6(3P1)  atoms  is  expended  by  the  re-emission  of 
light  and  is  called  photosensitized  fluorescence.  However,  in  the  dis¬ 
sociation  of  hydrogen  the  absorbed  energy  is  used  to  break  a  chemical 
bond,  and  thus  is  called  photosensitized  dissociation. 

Metals  other  than  mercury  as  well  as  certain  molecules  can  al¬ 
so  be  used  as  photosensitizing  agents.  Sensitizer  species  are  charac¬ 
terized  by  electronic  transitions  produced  in  absorption,  the  energy 
associated  with  collision  and  emission  processes,  the  lifetime  of  the 
excited  states  and  by  the  efficiency  of  collisional  energy  transfer  to 
substrate  molecules. 

In  gas-phase  reactions  the  most  common  sensitizing  agent  used 
is  elemental  mercury.  Its  convenience  stems  from  its  desireable  phy- 


. 
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sical  properties.  The  element  is  a  liquid  at  room  temperature  with  a 
sufficient  vapor  pressure  to  provide  a  suitable  gas  phase  concentration 
over  a  wide  range  of  temperatures. 

The  absorption  coefficient  for  mercury  is  large  for  radiation  at 
wave  lengths  of  2537  A  and  1849  A  and  the  excited  states  produced  have 
sufficient  energy  and  lifetime  to  initiate  many  reactions  of  a  free  radi¬ 
cal  nature  by  producing  homolytic  cleavage  of  bonds.  Ground  state 

1  3 

mercury,  Hg  6(  Sq),  can  be  easily  raised  to  the  excited  states,  6(~>P]^) 

and  6(^Pi),  corresponding  to  the  resonance  line  wave  lengths  2537  A 

and  1849  A. 


Hg  6(1SQ) 

2537  A  v,  Hg  6(3Pj  ) 

(25) 

Hg  6(1SQ) 

1849  A>  Hg  6(*P  ) 

(26) 

The  energies  of  these  states  are  112.  2  kcal  mole"^  and  153.  9  kcal  mo¬ 
le-!,  respectively.  Due  to  the  serious  experimental  difficulties  invol¬ 
ved  in  the  utilization  of  radiation  below  2000  A  most  photosensitization 
studies  use  absorption  of  the  2537  A  line,  because  there  are  good  mo¬ 
nochromatic  sources  available  for  this  wave  length.  Low  pressure 
mercury  -  rare  gas  discharge  lamps  emitting  90%  of  their  radiation  at 
2537  A  can  be  easily  fabricated. 

On  the  Nature  of  Hg  6(^Pi)  Reactions 

The  mechanistic  elucidation  of  energy  transfer  has  been  sought 
after  for  many  years.  In  early  photosensitization  studies  it  had  alre¬ 
ady  become  obvious  that  the  excited  sensitized  atoms  formed  by  the 
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absorption  of  resonance  photons  indicated  certain  selectivity  in  the  sub¬ 
sequent  energy  transfer  process^. 

The  efficiency  of  energy  transfer  processes  has  no  direct  rela¬ 
tionship  to  the  subsequent  steps  of  the  reaction.  For  example  benzene 
has  a  high  quenching  cross  section  with  respect  to  Hg  6(^P^)  atoms; 
however,  the  quantum  yield  for  benzene  disappearance  is  nearly  zero 
at  room  temperature^^.  This  is  the  case  in  spite  of  the  fact  that  the 
C-H  bond  energy  in  this  compound  is  substantially  below  112  kcal/mole. 
The  quenching  very  likely  involves  the  -ft  electron  ring  and  thus  makes 
possible  an  energy  equipartitioning  in  the  primary  energy  transfer  pro¬ 
cess. 


The  possibility  of  electronic  excitation  of  saturated  hydrocarbons 
is,  however,  generally  discounted^  because  the  first  excited  singlet 
and  triplet  states  are  of  prohibitively  high  energies. 

Customarily  the  transfer  process  efficiency  is  expressed  in  terms 
of  quenching  cross  section,  The  quenching  cross  sections  for 

Hg  6(3P1)  atoms  have  been  derived  by  two  methods.  The  first  utilized 
was  a  physical  method  and  may  require  either  the  determination  of  the 
effect  of  quenching  gas  on  the  intensity  of  the  fluorscent  resonance  ra¬ 
diation^’  ^2  or  the  decay  of  the  imprisoned  radiation^. 

Zemansky  derived  a  relationship  between  ,  a  quenching  function 
related  to  incident  and  scattered  radiation, 


^  ^  o(p)  oo(p)^  ^  o(a)  00(a) 


(27) 


where  (p)  and  (a)  relate  to  intensities  in  the  presence  and  absence  of 
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the  quenching  gas,  and  the  number  of  quenching  collisions,  Z  »  per 
lifetime  of  the  excited  atom  per  sec  per  cc.  Since7]  ,  the  lifetime  of 
the  excited  mercury  atom  is  known,  Z  may  be  calculated  as  a  function 

Q 

of  the  quenching  gas  pressure.  Therefore,  <5  2  denoted  as  6  2  for 

Q 

the  quenching  process,  may  be  obtained  by  substitution  in  the  usual  gas 


kinetic  expression  for  collision  frequency. 


Z  =  2Nn52 

Q 


\| 


2  RT(1/M  +  1/M  ) 

X  3 


(28) 


Alternatively,  in  the  so  called  chemical  method^,  mixtures  of 
nitrous  oxide  and  a  second  substrate  are  photosensitized.  The  subse¬ 
quent  yield  of  nitrogen  depends  upon  the  competative  quenching  between 
the  nitrous  oxide  and  the  alternative  substrate  and  is  a  function  of  the 
relative  quenching  cross  sections. 

The  agreement  between  the  two  methods  of  measurement  is  shown 
to  be  satisfactory  for  certain  types  of  compounds,  while  for  others  a 
definite  discrepancy  exists^.  Light  paraffins,  olefins,  and  fluoro-ole- 
fins  yield,  within  experimental  error,  the  same  £,2  by  either  physi- 

Q 

cal  or  chemical  measurement.  Alcohols  and  ethers  exhibit  much  lar¬ 
ger,  whereas  ethyl  mercaptan  and  chlorine  containing  compounds  show 


smaller  quenching  cross  sections  in  physical  measurement. 

Although  over  the  past  four  decades  a  number  of  6  c  values  of 

Q 

Hg  6(^P^)  atoms  for  various  types  of  molecules  have  been  determined, 


only  recently  has  a  correlation  been  made  by  Gunning  and  Straus z 


46 


which  relates  the  nature  of  this  sensitizer  and  the  physico-chemical 


nature  of  the  substrate.  In  contrast  to  previously  held  views  which  re- 


. 
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garded  the  excited  sensitizer  atom  primarily  as  an  energy  carrier,  the 
eletrophilic  nature  of  the  Hg  6(  P.)  atom  has  been  demonstrated  through 
comparison  of  its  reactivity  with  olefins  to  that  of  0(3P)  and  S(3P) 
atoms.  Comparison  of  the  relative  rates  of  addition  of  oxygen  and  sul- 
fur  atoms  with  Hg  6(  P^)  quenching  cross  sections  shows  a  qualitative 
trend  in  the  5  ^  values  as  would  be  expected  for  an  electrophilic  re- 

Q 

agent  of  lower  activity  than  the  other  two  atoms. 

Energy  transfer,  however,  depends  upon  the  nature  of  the  tran¬ 
sition  state,  the  activation  energy,  and  the  nature  of  the  energy  dissi¬ 
pation  in  the  substrate  molecule.  The  electrophilic  nature  of  the  exci¬ 
ted  mercury  atom  thus  gives  a  lead  to  the  nature  of  the  transition  sta¬ 
te.  Activation  energy  differences  are  minute  compared  to  the  total  en¬ 
ergy  dissipated  upon  quenching  and  cannot  be  compared  using  present 

O 

techniques.  Nevertheless,  here  again  a  comparison  of  the  0(JP)  re¬ 
action  with  some  simple  olefins  are  listed  along  with  the  Hg  6(^P^)  qu¬ 
enching  cross  sections  for  the  same.  These  are  to  be  compared  to  re¬ 
lative  rate  values  referred  to  above.  Figure  1  shows  the  Ea  relation¬ 
ship  to  be  quite  linear,  at  least  for  simple  olefins;  the  larger  the  Hg 
b(-^P^)  atom  quenching  cross  section,  the  smaller  the  activation  energy 
for  oxygen  atom  addition.  In  the  case  of  olefins  the  activation  energy 
of  the  reaction  can  be  visualized  as  a  measure  of  the  polarizing  energy 
needed  to  uncouple  the  bonding  electrons,  thus  allowing  the  triplet  oxy¬ 
gen  atom  biradical  to  react  with  the  substrate  molecule.  An  identical 
process  is  visualized  in  the  quenching  of  Hg  6(~*P})  atoms4  ,  although 
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FIGURE  1.  Correlation  of  Relative  Rate  Constants 
and  Activation  Energies  for  the  0(  P)  Reaction  with 
Olefins  and  their  Hg  6(^P  )  Atom  Quenching  Cross 
Sections.  Correlation  symbols  are  identified  in 
Table  I. 
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the  energy  content  of  the  excited  mercury  atom  is  greater  by  far  than 
that  necessary  for  such  an  electronic  promotion  and  a  stable  reaction 
product  does  not  ensue.  Nevertheless,  the  interaction  distance  in  the 
reaction  coordinate  can  be  directly  related  to  the  ease  of  polarizabi¬ 
lity  or  activation  of  the  bond  involved. 

Furthermore,  the  activation  energy  can  Be  related  to  the  recip¬ 
rocal  of  6  2,  namely  the  square  of  the  distance  between  the  exciting  at¬ 
om  and  substrate  molecule.  It  is  plausible  then  to  consider  the  trans¬ 
ition  state  qualitatively  as  an  interaction  of  a  magnetic  field  of  the  Hg 

O 

6('>P1)  atom  and  the  bonding  electrons  of  the  substrate  molecule.  En¬ 
ergy  transfer  takes  place  at  a  distance  where  the  strangth  of  the  mag¬ 
netic  field  is  sufficient  to  overcome  the  necessary  activation  energy 
for  bond  sission. 

Unfortunately,  too  few  values  of  the  absolute  activation  energy 
for  oxygen  atom  reactions  with  olefins  are  in  the  present  literature  to 

extend  the  correlation  to  any  great  length. 

While  Hg  6(^Pj)  quenching  by  olefins  leads  to  triplet  state  exci¬ 
ted  molecules  in  the  primary  process,  homolytic  cleavage  of  the  C-H 
bond  ensues  in  the  case  of  paraffins.  Unlike  the  olefinic  double  bond 
the  quenching  property  of  carbon- hydrogen  single  bonds  is  less  well 
characterized. 

While  the  efficiency  of  C-D  bond  scission  in  the  primary  process 
has  been  interpreted  to  be  essentially  the  same  as  that  of  the  C-H 
bond46  in  the  complete  quenching  region,  Hg  6(3Pj)  quenching  cross 


I 
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sections  display  a  dramatic  deuterium  isotope  effect,  not  experienced 
in  quenching  by  olefins The  effect  is  modified  by  structural  strain, 
tending  to  deminish  the  isotope  effect  with  increasing  strain.  At  the 
same  time,  a  decrease  should  be  noted  in  the  C-H  bond  bending  and 

stretching  intensity  in  cyclopentane  through  cyclopropane^1. 

* 

With  the  paraffins,  lability  of  the  bonds  increases  from  primary, 
through  secondary,  to  tertiary,  indicative  of  an  operative  inductive  ef¬ 
fect  also  noted  in  olefin  quenching. 

O 

Once  again,  in  analogy  with  0(°P)  reactions,  an  abstractive  pro- 

C  O 

cess  should  function3^  with  the  HgH  product  being  unstable  under  nor¬ 
mal  experimental  conditions.  In  Table  II  a  comparison  of  activation 
energies  for  O(^P)  atom  reaction  and  Hg  6(^P^)  quenching  cross  sec¬ 
tions  for  the  same  substrates  is  made.  No  correlation  as  in  the  case 
of  olefins  seems  possible.  However,  orbital  hybridization  as  well  as 
electronegativity  differences  between  the  bonded  atoms  may  be  impor¬ 
tant  in  this  respect.  An  inspection  of  the  data  in  Table  III  for  some  of 
the  volatile  hydrides  of  Groups  III  through  VI  emphasizes  the  latter. 
With  the  exception  of  methane  the  quenching  cross  section  increases 
from  right  to  left  across  a  period  with  a  decrease  in  the  electron  with¬ 
drawing  potential  of  the  central  atom.  At  the  same  time  the  identical 
effect  is  noted  while  proceeding  down  each  group.  In  the  case  of 
Group  III  and  IV  all  valence  electrons  are  used  in  bonding  orbitals  wh¬ 
ereas  in  Group  V  and  VI  there  are  one  and  two  unshared  electron  pairs, 
respectively.  The  non-bonding  electron  pairs  can  be  expected  to  in- 


' 
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crease  the  quenching  ability  in  two  ways;  as  a  reactive  site  for  the  el¬ 
ectrophilic  mercury  atom  or  as  a  modifier  of  the  electronegativity  dif¬ 
ferences  across  the  hydrogen  bonds  by  slight  changes  in  hybridization. 
The  effect  is  more  prominent  in  the  hydrides  of  the  second  period.  If 
one  considers  only  the  hydrides  of  Group  III  and  IV,  where  lone  pair 
interactions  are  eliminated,  a  qualitative  relationship  exists  between 
the  quenching  cross  section  and  the  electron  density  about  the  hydrogen 
atom. 

It  should  be  emphasized,  however,  that  in  certain  molecules  the 
electrophilic  character  of  the  energy  transfer  process  may  be  sharply 
changed  by  resonance  of  the  triplet  mercury  with  a  close-lying  elec¬ 
tronic  level  (NO)  or  by  spin-orbit  relaxation  due  to  the  presence  of  a 
suitable  vibrational  level  in  the  substrate  molecule  (Nz,  CO,  and  part¬ 
ly  HzO,  NH3,  etc.)46. 

Returning  now  to  the  magnetic  field  properties  of  the  interaction 
of  Hg  6(  Pj_)  atoms,  an  insight  into  the  magnetic  sus ceptability  of  the 
bonding  electrons  can  be  obtained  from  proton  magnetic  resonance  stu¬ 
dies.  Because  nuclear  magnetic  resonance  is  not  only  a  function  of  ap¬ 
plied  field  and  gyro- magnetic  ratio  of  the  nucleus,  but  also  dependent 
to  a  degree  on  the  molecular  electronic  environment,  it  is  possible  to 
correlate  the  magnetic  resonance  frequency  with  the  electromagnetic 
shielding  of  the  resonating  nucleus.  For  example,  proton  resonance 
spectra  of  the  paraffins  yield  chemical  shifts  (a  shift  in  resonating 
field  strength)  characteristic  of  non- equivalent  orbitals. 
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TABLE  II 


A  Comparison  of  Activation  Energies  for  the  0(  P)  Reactions  with  Some 
Saturated  Hydrides  and  Their  Hg  6(  P  )  Atom  Quenching  Cross  Sections 


Substrate 

3 

0(  P)  Atom  Reaction 
Activation  Energy 
kcal/ mole 

Hg  6(  P^  )  Atom 
Quenching 

Cross  Section, 

A2 

n-butane 

(5.2a 

3.  6b 

methane 

7.  3C 

0.  06  g 

hydrogen 

1  0.  2d 

5.6h 

ammonia 

4.sd 

2.  94 1 

diborane 

4.  0f 

26.  3  e 

a) 

Ref. 

(49) 

d) 

Ref. 

(54) 

g) 

Ref. 

(56) 

b) 

Ref. 

(48) 

e) 

Appendix  II 

h) 

Ref. 

(45) 

c) 

Ref. 

(53) 

f) 

ReL 

(55) 

i) 

Ref. 

(42) 

TABLE  III 
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A  Comparison  of  Hg  6(  P^)  Atom  Quenching  Cross  Sections  and  Bond 
Polarization  for  Some  Volatile  Hydrides. 


Group 

III 

IV 

V 

VI 

B  H 

2  6 

CH 

4 

NH 

3 

H  O 

2 

x  -x  a 

c  H 

-0.  3 

0.  3 

0.  5 

1. 0 

f  2  A  2  b 

6q'a 

26.  3  c 

0.  06  d 

2.  94  e 

1.  0  e 

SiH 

4 

PH3 

H2S 

Xc  -XH 

-0.  4 

-0.  1 

0.  0 

62Q.a2 

26.  0f 

26.  28 

23.  0h 

GeH 

4 

AsH 

3 

X  -X 
c  H 

-0.  5 

-0.  2 

62 

1 40(  ?  ) 1 

Very  large^ 

a)  Electronegativity  difference  between  the  hydrogen  atom  and  the 
central  atom.  Ref.  (61). 

3 

b)  Hg  6(  P  )  atom  quenching  cross  sections. 


c)  Appendix  II 

d)  Ref.  (56) 

e)  Ref.  (42) 


g)  Ref.  (57) 

h)  Ref.  (58) 

i)  Ref.  (59) 


f)  Ref.  (45) 


j)  Ref.  (60) 
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Qualitatively,  the  electrons  screen  the  nucleus  from  the  applied 
magnetic  field  and  contribute  to  the  resonance  field  in  two  ways.  Sph¬ 
erically  symmetrical  distribution  of  electrons  about  the  resonating  nu¬ 
cleus  provide  local  dismagnetic  currents  which  reduce  the  field  exper¬ 
ienced  by  the  nucleus.  On  the  other  hand,  bonding  electrons  circulate 

* 

unsymmetrically  about  the  resonating  nucleus  by  virtue  of  their  bond¬ 
ing  orbitals.  The  paramagnetic  circulations  of  these  electrons  produce 
a  secondary  magnetic  field  parallel  to  the  applied  field  at  the  nucleus 
so  that  the  shielding  at  the  nucleus  is  reduced.  Unlike  the  dismagne¬ 
tic  shielding  contribution,  which  is  limited  in  effect  to  the  electrons 
about  the  resonating  nucleus,  the  extent  of  paramagnetic  character  of 
the  bonding  electrons  is  dependent  upon  inductive  effects  of  adjacent 
bonds. 

The  chemical  shifts  for  protons  in  some  hydrocarbons  appear  in 
Table  IV  along  with  Hg  6(^Pi)  quenching  cross  sections  for  these  mole¬ 
cules.  The  greater  the  chemical  shift  value,  the  higher  the  field  stre¬ 
ngth  necessary  for  resonance  and,  therefore,  the  greater  the  dismag¬ 
netic  screening  of  the  resonating  proton  and  its  bonding  electrons.  Con¬ 
versely,  the  lower  the  resonating  field  strength  the  greater  the  magne¬ 
tic  sus ceptability  of  the  bonding  electrons  toward  interaction  with  the 
magnetic  field  of  the  Hg  6(^P^)  atoms. 

The  proton  resonance  in  methane  appears  at  the  highest  field  and 
requires  the  shortest  interaction  distance  for  quenching  of  Hg  6(^Pj) 
atoms.  Further,  inductive  effects  of  the  methyl  groups  shift  proton 
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TABLE  IV 


A  Comparison  of  Proton  Chemical  Shifts  in  Some  Saturated  Hydrocarbons  , 
the  Hg  6(  Pj)  Atom  Cross  Sections  and  Primary  Radical  Products  of  Some 
Saturated  Hydrocarbons. 


Hydrocarbon 

CH3 

CH2 

CH 

6q'a2 

%  Sec. 
or  Tert.  ^ 

Methane 

00 

• 

0.  06 

Ethane 

4.  1 

0.  11 

Propane 

4.  1 

3.  7 

1.2 

56 

n-butane 

4.  0 

3.  7 

3.  6 

98 

iso-butane 

4.  1 

3.  5 

4.  9 

86 

n-pentane 

4.  1 

3.  7 

'.O 

GO 

Neopentane 

4.  0 

1.  5 

a)  (in  ppm  referred  to  water)',  Ref.  (62). 

b)  The  percentage  of  secondary  or  tertiary  radicals  formed  in  the  primary 
process.  Ref.  (63). 
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resonance  to  successively  lower  fields  for  the  primary,  secondary,  and 
tertiary  bonds,  respectively.  Neopentane,  like  methane,  has  high  field 
resonance  and  requires  an  unusually  short  quenching  distance. 

It  is  interesting  to  note  that  in  spite  of  the  increased  quenching 

ability  of  the  secondary  C-H  bond,  which  increases  the  quenching  cross 

* 

section  at  least  ten  fold  from  ethane  to  propane,  radicals  produced  in 
the  primary  quenching  act  with  propane,  exhibit  a  large  percentage  of 
primary  radicals,  namely  42%.  This  is  to  be  compared  to  2%  primary 
radicals  found  in  quenching  by  n-butane  with  only  a  three  fold  increase 
in  quenching  cross  section.  The  product  distribution  suggests  that  sub¬ 
strate  orientation  with  respect  to  the  field  of  the  Hg  6(^P})  atom  is  im¬ 
portant  in  the  transition  state.  Clearly,  the  excited  mercury  atom  can 
approach  the  propane  molecule  on  the  side  opposite  the  secondary  C-H 
bonds.  Quenching  will  occur  therefore  with  the  primary  C-H  bonds, 
albeit  at  a  shorter  reaction  distance.  However,  in  the  case  of  n-but¬ 
ane  the  secondary  C-H  bonds  are  so  directed  as  to  cover  a  greater  por¬ 
tion  of  the  maximum  interaction  surface  of  the  molecule  and  nearly  all 
the  quenching  occurs  at  these  bonds. 

In  this ,  respect,  the  primary  radicals  formed  in  the  quenching  of 

O 

Hg  6(“>F>^)  atoms  by  diborane  is  of  interest  from  a  structural  point  of 
view.  Diborane,  although  some  spacial  similarities  with  ethylene  are 
striking,  has,  like  the  paraffins,  no  low  lying  triplet  states^  anc]  re_ 
quires  B-H  bond  scission  in  the  quenching  process.  On  the  basis  of 
the  above  correlation,  interaction  with  the  terminal  B-H  bonds  would 
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be  expected  due  to  the  fact  that  their  proton  resonance  occurs  at  a  lower 
field  strength  than  the  bridge  hydrogen  atoms  and  no  collisional  steric 
effect  would  seem  operable.  Furthermore,  removal  of  a  bridge  hydro¬ 
gen  atom  necessitates  drastic  fracturing  of  the  molecule  and  is  energe¬ 
tically  unfavorable. 

It  was  therefore  a  second  objective  of  the'present  work  to  obtain 
information  regarding  the  nature  of  the  transition  state  in  the  Hg  6(^P^) 
quenching  by  diborane  through  elucidation  of  the  primary  radicals  for¬ 
med  in  the  reaction. 

Reactions  with  Singlet  Sulfur 

Recently,  wide  interest  has  developed  in  the  influence  of  spin  sta¬ 
tes  of  reactive  species  with  respect  to  the  subsequent  course  of  their 
reactions.  In  the  case  of  paraffinic  C-H  bonds,  insertion  and  abstrac¬ 
tive  mechanisms  have  been  associated  with  singlet  and  triplet  species 
respectively,  thus  demonstrating  many  similarities  of  chemical  beha¬ 
vior  of  the  methylene  biradical  with  oxygen  and  sulfur  atoms  in  their 
comparative  spin  states^.  It  is  in  this  respect  that  the  hydridic  and 
structural  nature  of  the  bonds  in  diborane  are  expected  to  provide  an 
interesting  extension  of  bond  character  comparisons  for  these  spin 
controlled  reaction  types. 

As  previously  mentioned,  the  reaction  of  O(^P)  atoms  with  dibor- 

■2  0 

ane  has  been  examined  .  It  is  of  specific  interest  to  note  again  that 
tetraborane  and  hydrogen  are  formed  initially  and  in  significant  yields. 
An  abstractive  reaction  type  would  be  expected  on  the  basis  of  spin  con- 
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sideration  but  the  authors  found  this  consideration  inconsistent  with  the 
observed  kinetic  data. 

In  the  case  of  singlet  oxygen  atoms,  any  insertion  reaction  into  a 
carbon-hydrogen  bond  is  exothermic  by  well  over  100  kcal/mole33  and 
would  therefore  be  exothermic  to  an  even  greater  degree  for  a  boron- 
hydrogen  bond.  This  would  render  any  insertion  process  inseparable 
from  an  abstractive  process  due  to  decomposition  of  the  vibrationally 
excited  species  formed. 

Sulfur  atoms  can  be  readily  produced  by  the  photolysis  of  carbonyl 
sulfide  in  the  wave  length  region  of  2288  A  using  a  low  pressure  cadmium 
resonance  lamp.  The  energy  available  at  the  onset  of  absorption,  at  ap¬ 
proximately  2550  A,  is  sufficient  to  fracture  the  carbon- sulfur  bond  and 
promote  S(3P)  to  S(^D). 

COS  +  h"0  — CO  +  S(  !D)  (29) 

Inert  gases  have  little  effect  on  the  photolysis  efficiency,  however, 
carbon  dioxide  has  been  shown  to  be  efficient  in  inducing  collisional  el¬ 
ectronic  relaxation  of  the  S(^D)  atoms  to  their  ground  triplet  state. 

S(!D)  +  COz  >  S(3P)  +  COz  (30) 

Evidence  indicates  COS  itself  may  also  bring  about  electronic  relaxation 
of  singlet  sulfur, 

S(1  D)  +  COS— >  S(3P)  +  COS  (31) 

however  the  relative  efficiency  compared  to  abstraction, 

COS+S(!D)  >  CO  +  S2  (32) 


* 


is  k^/k^  =  0.03. 
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In  the  presence  of  a  paraffin  substrate  only  the  S(^D)  atoms  react. 

O 

Insertion  of  the  S(  P)  would  require  violation  of  the  spin  conservation 
rule,  while  any  abstraction  would  be  unfavorable  energetically.  In  add¬ 
ition,  the  insertion  occurs  indis criminantly  in  the  paraffinic  C-H  bond 
as  also  is  the  case  with  methylene^.  Also,  like  methylene,  the  S(^D) 
atom  has  a  high  selectivity  for  the  hydride  bond,  Si-H,  over  the  C-H 
when  both  are  in  the  same  molecule^®. 

Because  it  is  also  energetically  unfavorable  for  sulfur  atoms  to 
enter  into  abstractive  processes  with  boron- hydrogen  bonds,  it  seemed 
that  the  singlet  and  triplet  sulfur  would  be  a  useful  pair  of  reagents  with 
which  to  study  the  reactivities  of  such  species  with  the  unique  hydridic 
bonds  of  diborane.  Thus,  the  third  objective  of  this  thesis  was  to  com¬ 
pare  the  reaction  paths  of  both  singlet  and  triplet  species  with  the  dibor¬ 
ane  molecule. 


CHAPTER  II 


APPARATUS  AND  EXPERIMENTAL  PROCEDURES 

Apparatus 

The  anarobic  properties  of  the  boranes  necessitated  the  use  of 
high  vacuum  procedures,  originally  conceived  and  utilized  by  A.  Stock^. 
Minor  improvements  in  apparatus  have  been  developed  during  recent 
years  as  the  popularity  of  this  research  tool  has  increased. 

All  apparatus,  unless  described  otherwise,  was  constructed  from 
Py  rex  glass  and  mounted  on  an  aluminum  rod  lattice. 

Throughout  the  present  investigations  what  will  be  called  a  stand¬ 
ard  high-vacuum,  gas-handling  system^  was  used.  This  apparatus  con 
sisted  of  a  pumping  system,  introductory  system,  fractionation  train, 
storage  system,  and  calibrated  standard  volume  bulb;  all  of  which  re¬ 
mained  unaltered.  In  addition,  analytical  and  reaction  systems  were  al¬ 
tered  to  meet  the  requirements  of  the  particular  experiments. 

The  pumping  system  (Figure  2)  contained  a  commercial,  two-step 
mercury  diffusion  pump  of  the  umbrella  type,  backed  by  a  mechanical 
pump.  With  this  tandem  a  vacuum  of  10~6  to  10"  ^  torr  could  be  achieved 
Pressures  were  determined  by  the  use  of  a  commercially  calibrated 
McLeod  gauge.  The  two  pumps  were  protected  from  large  quantities  of 
condensable  vapor  by  means  of  a  removable  "I"  trap  and  could  be  isola- 
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ted  from  the  rest  of  the  system  with  suitable  large  bore  high-vacuum 
stopcocks . 

Gases  were  introduced  and  removed  through  the  introductory  sys¬ 
tem  (Figure  2).  The  double  "U"  trap  arrangement  allowed  for  the  re¬ 
moval  of  noncondensables  during  introduction  as  well  as  in  preliminary 
fractionation  on  first  transfer  within  the  apparatus  for  removal  of  unde¬ 
sirable  materials  of  low  vapor  pressure.  This  prevented  contamination 
of  other  sections  of  the  apparatus. 

The  storage  system  (Figure  2)  comprised  a  series  of  bulbs,  2  lit¬ 
ers  or  larger  in  size  with  protruding  fingers  wherein  the  gases  could  be 
condensed  and  isolated  by  mercury  float  valves. 

A  four  trap  fractionation  train  (Figure  3)  was  used  for  purification 
of  the  reagent  gases,  when  possible,  by  the  fractional  distillation-frac¬ 
tional  condensation  technique^.  Three  of  the  traps  were  of  a  larger  vol¬ 
ume,  fabricated  from  20  mm  OD  tubing,  for  the  handling  of  large  quanti¬ 
ties  of  material,  while  the  fourth  trap  was  of  small  volume,  with  a  tub¬ 
ing  diameter  of  8  mm  OD,  designed  thus  for  obtaining  vapor  pressure 
measurements  on  small  quantities  of  material.  Manometers  were  attac¬ 
hed  to  the  traps  at  each  end  of  the  train  for  the  purpose  of  measuring  the 
vapor  pressure  of  fractions  and  also  to  follow  the  progress  of  distilla¬ 
tions  . 

Constant  low  temperature  baths  were  produced  by  evaporation  of 
liquid  nitrogen  or  oxygen  or  the  melting  of  reasonably  pure  solid  subst¬ 
ances  which  had  been  prefrozen  into  slush  by  the  addition  of  liquid  nitro- 
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FIGURE  2.  Standard  High  Vacuum  - 
(Side  1). 


Gas  Handling  System 
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FIGURE  3.  Standard  High  Vacuum  -  Gas  Handling  System  (Side  2). 


TABLE  V 


Constant  Temperature  Slush  Baths  and  Their  Transition  Temperatures 


Bath  Material 


Temperature, 


'-Viz 

C2H5C1 

cs_ 


CO  ,  CHC1CC1 
2  2 

CHC1 


C6H5C1 


-160 

-138 

-111 

-78 

-64 

-46 


CC1 


-23 
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gen.  Table  V  shows  the  bath  materials  used  in  the  present  investiga¬ 
tion  along  with  their  transition  temperatures. 

A  standard  volume  was  constructed  (Figure  3)  to  be  utilized  in  the 
metering  of  reactants  and,  in  addition,  for  the  purpose  of  calibrating 
reaction  volumes. 

The  above  systems  were  deployed,  as  shown,  back  to  back  on  two 
sides  of  a  double  aluminum  rod  lattice,  and,  while  isolated  from  one  an¬ 
other  by  mercury  float  valves,  were  connected  by  manifold  of  12  mm  OD 
tubing. 

Analysis  of  reaction  products  was  carried  out  in  the  system  shown 
in  Figure  4.  Hydrogen  was  measured  in  a  gas  buret  after  transfer  by  a 
Toepler  pump  from  the  reaction  system  through  several  liquid  nitrogen 
traps.  The  higher  boron  hydrides  and  substituted  diboranes  were  remo¬ 
ved  from  diborane  by  condensation  in  a  -160°C  trap.  It  was  found  that 
small  quantities  of  reaction  products  could  be  efficiently  separated  from 
large  quantities  of  the  substrate  in  this  manner.  The  small  quantities 
of  products  could  then  be  handled  easily  by  the  gas  chromatographic  col¬ 
umn,  thus  permitting  examination  of  the  desired  reactions  necessarily 
close  to  the  initial  reaction  steps. 

The  chromatographic  techniques  developed  by  Koski  and  his  stud¬ 
ents"^  for  the  separation  of  the  boron  hydrides  were  used  but  modified 
to  the  extent  that  both  the  bore  and  the  temperature  of  the  column  were 
reduced. 


The  chromatographic  column  was  constructed  of  2  mm  glass  cap- 
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illary  10  ft.  long  and  packed  with  paraffin  oil  (30%  by  wt.  )  on  50-80  mesh 
celite  (70%  by  wt.  ).  Column  temperature  was  maintained  at  0°C  in  an 
ice  bath.  With  these  modifications  no  signs  of  hydride  decomposition 
were  observed.  A  Gow-Mac  thermistor  with  6.  5  milliamps  applied  to 
the  bridge  was  used  as  a  detector  and  the  signal  recorded  on  a  Sargent 
recorder.  Peak  areas  were  integrated  with  a  planimeter.  The  analyses 
were  performed  with  dry  helium  as  a  carrier  gas  at  a  flow  rate  of  50  ml 
per  minute. 

A  set  of  three  isolatable  traps  were  located  in  the  carrier  gas  dis¬ 
charge  line  of  the  catherometer  (Figure  5)  and  connected  through  stop- 
cockes  to  the  vacuum  line.  These  made  it  possible  to  trap  materials  fol¬ 
lowing  analysis  for  identification  purposes. 

The  entire  gas  handling  system  as  well  as  the  reaction  systems,  to 
be  described  later,  were  constructed  of  "greasless"  mercury  float  val¬ 
ves  (cf.  Figure  12  for  detail)  and  Hoke  c413K  toggle  valves  in  the  chrom¬ 
atographic  system.  It  was  thus  possible  to  transfer  efficiently  and  to  me¬ 
asure  quantitatively  small  quantities  of  the  higher  boron  hydrides  and  sub¬ 
stituted  diboranes,  which  would  have  readily  dissolved  in  stopcock  grease. 

At  the  time  this  work  was  initiated  no  ultraviolet  spectra  of  tetra- 
borane  and  the  pentaboranes  were  available  and,  in  order  to  obtain  an 
appreciation  of  the  photochemical  reactivity  of  these  expected  products, 
the  uv  absorption  spectra  (Figure  6)  were  obtained  on  peaks  trapped  in 
chromatographic  analysis  of  thermally  decomposed  diborane.  As  obser¬ 
ved  in  Figure  7,  which  represents  a  typical  chromatogram,  excellent 
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X  ,  A 

FIGURE  6.  The  Ultraviolet  Spectra  of  the  Higher  Volatile 


Boranes. 
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FIGURE  7.  Typical  Chromatogram  for  the  Separation  of  the  Volatile  Boranes. 
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separation  of  products  was  achieved.  Identification  of  the  hydride  peaks 
was  accomplished  by  mass  spectral  fragmentation  patterns  (Figures  8- 

11). 

The  high  degree  of  uv  absorption  of  the  higher  boron  hydrides,  not 
previously  taken  into  account  in  previous  photochemical  studies,  initia¬ 
ted  the  development  of  the  present  circulating- flow  reaction  system. 

Nitrogen  produced  in  the  quenching  cross  section  studies  was  ana¬ 
lyzed  in  a  commercial  Burrell  gas  chromatographic  unit  utilizing  a  mol¬ 
ecular  sieve  column  and  hydrogen  as  a  carrier  gas.  The  amount  of  nitr¬ 
ogen  present  was  determined  from  peak  area  measurements  by  compari¬ 
son  with  a  calibrated  curve. 

The  reaction  system  (Figure  12)  for  the  preliminary  photosensiti¬ 
zation  experiments  and  for  those  with  added  olefin  consisted  of  an  "I" 
trap,  of  which  the  outer  jacket  was  constructed  of  Vycor  7910  glass,  con¬ 
nected  in  circuit  with  a  "U"  trap  and  gas  circulating  pump.  Surrounding 
the  Vycor  portion  of  the  "I"  trap  there  was  fitted  a  machined  metal  mask 

with  slits  allowing  incident  radiation  on  an  area  equivalent  to  that  emp- 

2  3 

loyed  in  a  previous  studies  .  A  shutter  covered  the  mask. 

Concentric  light  was  provided  by  a  spi ral- shaped  Hanovia  c90031 
mercury  low  pressure  resonance  light.  The  lamp  was  encased  in  an  as¬ 
bestos  wrapped  box  and  around  a  tube  of  quartz  glass  (Figure  13).  Add¬ 
itional  quartz  tubes  were  inserted  to  vary  the  light  intensity. 

At  equilibrium  temperature  the  incident  light  intensity  was  reas¬ 
onably  constant.  Nevertheless,  the  cell  temperature  was  found  to  vary 
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FIGURE  8.  Mass  Spectral  Fragmentation  Pattern  for  Diborane  (70eV) 


lOCh 


45 


AXISN3XNI  CJAIXYU^H 


FIGURE  9.  Mass  Spectral  Fragmentation  Pattern  for  Tetraborane  (70eV). 
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FIGURE  10.  Mass  Spectral  Fragmentation  Pattern  for  Pentaborane-9  (20eV). 
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FIGURE  12.  Gas  -  Circulating  Reaction  System. 


FIGURE  1  3.  Low  Pressure  Spiral  Mercury- 
Resonance  Lamp  Housing. 


50 


with  room  temperature.  This  variation,  although  amounting  to  only  a 
few  degrees  had  a  marked  effect  on  the  quantum  yields. 

The  gas  circulating  pump  was  constructed  as  indicated  from  50/45 
standard  taper  joints  and  was  fitted  with  a  four  bladed  fan.  A  glass  en¬ 
capsulated  iron  bar  was  fastened  through  the  rotor  body  and  between  the 
fins.  The  fan  was  energized  by  magnetic  coupling  through  the  glass  top 
to  a  bench  type  magnetic  stirring  unit  obtained  commercially.  Seals  in 
the  pump  were  made  with  Apieson  "W"  wax  and  the  bearing  constructed 
of  teflon,  because  of  its  inertness  to  the  reagents. 

In  order  to  obviate  the  problem  of  temperature  control  a  second 
reaction  system  was  constructed  in  which  both  lamp  and  reaction  system 
were  immersed  in  independent  constant  temperature  water  baths  shown 
schematically  in  Figure  14. 

The  reaction  system  consisted  of  a  cell,  cylindrical  in  shape,  20 
mm  long  and  50  mm  in  diameter,  with  flat  ends  aligned  perpendicularly 
to  the  light  source.  Entrance  and  exit  connections  were  tapered  to  per¬ 
mit  good  flow  characteristics  throughout  the  cell.  The  reagent  gas  was 
circulated  through  a  bulb  in  which  mercury  was  placed  in  order  to  satu¬ 
rate  the  system  at  the  reaction  temperature. 

Variable  light  intensity  was  achieved  by  mounting  a  "U"  shaped 
Hanovia  87A45  low  pressure  mercury  resonance  lamp  on  parallel  hori¬ 
zontal  bars  perpendicular  to  the  reaction  cell  and  by  changing  the  dist¬ 
ance  between  the  cell  and  the  lamp.  Greater  variation  could  be  achieved 
by  over-taping  portions  of  the  lamp  surface.  A  combination  of  the  two 
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FIGURE  14.  Isothermal  Reaction  System. 
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procedures  was  used  to  obtain  the  light  intensities  desired. 

The  water  baths  surrounding  the  lamp  and  reaction  system  were 
separated  by  a  double  wall  with  a  one  half  inch  air  gap  and  two  Vycor 
windows.  A  shutter  was  inserted  in  the  air  gap  between  the  windows. 
Both  temperatures  were  maintained  independently  by  commercial,  ext¬ 
ernal-circulating,  constant-temperature  baths  to  better  than  -  0.  05°C. 

In  experiments  wherein  temperature  was  varied  in  the  reaction 
system  the  mercury  saturator  was  extended  outside  the  reaction  bath  and 
maintained  at  0°C  to  provide  constant  light  absorption  conditions. 

The  resonance  lamp  temperature  bath  was  always  maintained  at 

2  5°C. 

The  system  was  designed  to  allow  the  use  of  any  desired  volume. 

It  was  thus  possible  to  work  with  relatively  large  quantities  of  substrate, 
maintaining  a  small  percent  conversion,  and  had  the  advantage  of  closely 
approximating  initial  conditions.  In  the  experiments,  conversions  did 
not  exceed  0.  01%  while  1  to  8  micromoles  of  products  were  foimed.  It 
was  intended  that  reaction  products  should  be  removed  from  the  reaction 
zone  and  diluted  in  the  substrate  before  appreciable  photolysis  or  their 
quenching  of  excited  mercury  atoms  could  occur. 

Photolysis  experiments  for  the  purpose  of  producing  sulfur  atoms 
from  carbonyl  sulfide  and  sulfyhdryl  radicals  from  hydrogen  sulfide  were 
performed  in  quartz  cells  (Figure  15)  having  dimensions  of  300  mm  in 
length  and  a  42  mm  diameter.  The  ends  were  flat  and  directed  no<  mal 
to  the  light  path. 


FIGURE  15.  Photolysis  Cell  Configuration. 
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In  this  case  the  light  source  was  an  Osram  No.  2730,  220W,  low 
pressure,  cadmium  resonance  lamp,  which  was  powered  by  a  type  SL, 
Oswald  Kerber  Auto  transformer.  The  lamp  input  was  maintained  at 
1.  5  amps.  Radiation  of  wave  length  lower  than  2200  A  was  removed  by 
a  7910  vycor  plate  0.  5  mm  thick,  which  was  inserted  between  the  source 
and  the  reaction  cell.  The  effective  light  was  the  2288  A  emission  line. 

The  thermal  reaction  between  diborane  and  hydrogen  sulfide  took 
place  in  a  dewar  type  reactor  (Figure  16)  previously  used  for  the  trapp¬ 
ing  of  thermally  unstable  products  of  boron  hydride  pyrolytic  reactions 
15,  71. 

Length  of  the  piesent  reaction  vessel  is  300  mm  with  an  overall  diameter 
of  100  mm,  while  the  diameter  of  the  inside  tube,  70  mm,  provided  an 
anular  spacing  of  15  mm.  Heating  of  the  inner  wall  to  130°C  was  accom¬ 
plished  with  a  knife  heater  immersed  in  ethylene  glycol,  while  the  outer 
jacket  was  cooled  by  a  dry  ice  bath  (  -78°C). 

Actinometry 

Incident  radiation  for  the  mercury  photosensitized  studies  was 

O 

determined  by  the  use  of  the  Hg  6(3P|)  -  propane  reaction.  The  hydro¬ 
gen  produced  in  this  reaction  has  been  reported  by  Bywater  and  Steacie"^ 
to  have  a  quantum  yield  of  0.  5  at  room  temperature  with  a  substrate 
pressure  of  300  mm  and  found  to  be  most  reproduceable  and  independent 

of  conversion.  Recent  work  on  the  mercury  photosensitized  decomposi- 

7  3  74 

tion  of  a  number  of  hydrocarbons,  particularly  by  Back'J’  at  much 
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FIGURE  16.  Dewar  Type  Pyrolysis  Reactor. 
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lower  light  intensities  than  earlier  studies,  shows  that  trace  amounts  of 
olefin  impurities  drastically  reduce  the  quantum  yield  of  hydrogen  for¬ 
mation.  The  quantum  yields  of  Bywater  and  Steacie  can  therefore  be 
considered  as  those  of  a  stationary  state  of  competing,  simultaneous  re¬ 
actions,  which  is  reached  more  quickly  at  high  light  intensities,  rather 
than  of  primary  hydrogen  atom  formation.  With  regard  to  the  present 
studies  the  actinometric  reaction  was  run  sucessively  with  the  removal 
of  hydrogen  and  hexanes  until  a  constant  quantum  yield  value  (t  2.  5%) 
for  hydrogen  could  be  repeated  at  each  light  intensity  monitored. 

Light  intensities  for  the  photolysis  experiments  were  not  determi¬ 
ned,  however,  cell  position  and  experimental  geometry  were  maintained 
from  run  to  run  so  that  the  light  intensities  should  be  comparable. 

Reagents 

In  general,  the  reagent  gases  were  of  the  purest  available  grade. 
All  were  degassed  in  the  "introductory”  system  and  further  purified  by 
several  low  temperature  distillations. 

Diborane  was  obtained  in  tanks  from  the  Callery  Chemical  Co.  , 
Callery,  Penn.,  and  owing  to  its  thermal  instability  contained  consider¬ 
able  amounts  of  hydrogen  and  higher  boron  hydride  impurities.  The  re¬ 
moval  of  hydrogen  was  achieved  by  degassing  at  liquid  nitrogen  temper¬ 
ature  and  the  higher  hydrides  removed  by  repeated  distillation  through 
a  -160°C  trap.  The  reagent  was  purified  before  each  run  and  displayed 
but  one  peak  in  gas  chromatographic  analysis.  Tensiometric  homogen¬ 
eity  with  a  vapor  pressure  226.  5  torr  at  -111.  8°C  agreed  with  other 
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Propylene,  carbonyl  sulfide,  hydrogen  sulfide  and  nitrous  oxide, 
(Matheson  Company,  Joliet,  Ill.)  were  further  purified  by  distillation 
through  a  -139°C  trap  and  collected  in  a  -160°C  trap.  A  middle  fraction 
was  saved,  which,  in  each  case,  displayed  a  single  peak  in  chromatog¬ 
raphic  analysis. 

Ethylene,  (Phillips  Research  Grade)  was  also  subjected  to  the 
above  low  temperature  fractionation  procedure  for  further  purification. 

Nitric  oxide,  (Matheson)  was  distilled  through  -183°C  trap  and 
that  material  collected  at  -196°C  was  considered  sufficiently  pure. 

Typical  Run  Procedure 

In  all  the  mercury  photosensitization  experiments  a  standard  op¬ 
erating  procedure  was  followed.  This  consisted  of  allowing  a  measured 
quantity  of  the  substrate  to  expand  and  fill  the  circulating  system  to  the 
desired  pressure  at  reaction  temperature.  After  one  minute  time  had 
elapsed  the  circulating  pump  was  activated  and  allowed  to  operate  for  an 
additional  60  seconds  before  removal  of  the  shutter.  At  the  conclusion 
of  the  reaction  period  the  shutter  was  closed  and  the  substrate  and  con¬ 
densable  products  frozen  with  liquid  nitrogen.  The  hydrogen  formed 
was  transferred  to  a  gas  buret  and  measured.  Subsequently  the  conden¬ 
sable  reaction  products  were  removed  from  the  substrate  by  distillation 
through  a  -160°C  slush  trap,  transferred  to  a  sample  trap  entrained  in 
the  chromatographic  system  and  analyzed.  Blank  runs  showed  that  the 
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thermal  decomposition  at  25°C  did  not  exceed  1%  of  the  photosensitized 
yield  in  any  run  and  was  therefore  neglected.  Experiments  with  added 
olefin  were  exceptions  and  in  these  cases  suitable  corrections  were 
made. 

Photolysis  experiments  were  carried  out  in  static  systems  and 
because  the  equilibration  of  mercury  vapor  in  the  systems  was  unimpor¬ 
tant  the  shutter  was  removed  immediately  upon  expansion  of  the  substr¬ 
ates  in  the  reaction  cell.  Thermal  reactions  of  comparable  durations 
were  found  to  be  negligible. 

The  hot- cold  tube  used  in  the  study  of  the  thermal  reaction  of  di- 
borane  with  hydrogen  sulfide  was  brought  to  its  temperature  gradient 
condition  first  and  the  reactant  were  then  allowed  to  expand  into  the  re¬ 
action  zone  from  an  adjacent  trap.  The  products  of  the  reaction  were 
separated  from  the  substrates  by  repeated  distillations  through  a  -138°C 
slush  trap  and  finally  by  traping  peaks  coming  off  the  chromatographic 
column. 

Calibration  of  Chromatographic  Areas 

Due  to  the  thermal  instability  of  the  higher  boron  hydrides,  tetra- 
borane  and  pentaborane- 11,  expansion  and  equilibration  for  the  purpose 
of  gas  volume  -  chromatographic  peak  calibrations  did  not  appear  feasi¬ 
ble  for  the  small  quantities  which  were  to  be  analyzed.  To  obviate  these 
difficulties  a  borane- hydrogen  mass  balance  was  assumed;  the  hydrogen 
being  measured  volumetrically  in  a  calibrated  standard  volume.  The 
assumption  was  checked.  For  each  set  of  kinetic  variables  studied  peak 
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area  planimeter  factors  for  the  higher  hydrides  multiplied  by  the  moles 
of  hydiogen  expelled  in  their  formation  were  compared  with  the  measur- 

i 

ed  volume  of  hydrogen  produced.  A  calibration  line  was  graphed  from 
the  points  obtained  and  the  product  quantities  rebalanced.  On  an  aver¬ 
age  the  hydrogen-borane  product  quantities  obtained  with  the  procedure 
were  found  to  deviate  by  only  about  2%  and  runs  with  deviation  of  5%  or 
better  were  discarded  unless  other  considerations  warranted  retention 
of  the  data. 

It  is  believed  that  because  no  evidence  of  borane  decomposition  on 
the  chromatograph  was  observed  the  data  obtained  in  this  manner  would 
give  better  accuracy  than  the  volumetric  expansion  method.  Cross 
checks  between  sets  of  data  is  excellent  in  spite  of  the  fact  that 
recalibration  was  necessary  because  the  GC  column  packed  progress¬ 
ively  with  usage.  The  more  tightly  packed  column  required  greater 
pressure  on  the  reference  arm  of  the  catherometer  thus  changing  the 
reference  thermistor  response. 

No  data  is  available  on  the  thermal  conductivity  of  the  higher  bor- 
anes  and  this  required  a  second  assumption  that  these  values  were  equi¬ 
valent.  Because  the  structures  of  these  compounds  are  similar  and  dif- 

|L  , .  ,  i 

ferences  in  molecular  weight  are  small,  large  errors  in  the  experimen¬ 


tal  results  would  be  improbable. 


- 


CHAPTER  III 

PRELIMINARY  Hg  6(3P1)  PHOTOSENSITIZATION  STUDIES 
Introduction 

The  previous  study  of  the  Hg  6(3P^)  photosensitization  of  dibor- 
ane6J  was  performed  in  a  static  system  and,  because  the  lack  of  deve¬ 
lopment  of  micro-analytical  gas  chromatographic  techniques  at  that  time, 
relatively  high  degrees  of  conversion  were  necessary  foi  reasonable  re¬ 
producibility  in  reaction  product  analysis.  For  experiments  of  one  hour 
duration  at  an  incident  light  intensity  of  2.  5  x  10  ^  einsteins  per  minute 
the  quantum  yields  of  hydrogen,  tetraborane,  pentaboranes  and  pressure 
increase  were  found  to  be  0.  50,  0.  25,  0.  02  and  0.  07,  respectively.  Due 
to  the  present  development  of  a  suitable  gas  chromatographic  analytical 
technique,  previously  described,  and  an  appreciation  of  possible  photo¬ 
lysis  of  the  borane  reaction  products  (Figure  6),  a  reinvestigation  of  the 
3 

Hg  6(  P^)  -  diborane  system  at  low  conversions  was  considered  worth¬ 
while. 

Results 

High  Light  Intensity  Runs 

Initial  experiments  at  an  absorbed  light  intensity  of  4.  22  x  10 
einsteins /minute  at  pressures  between  97  and  400  torr  yield  hydrogen 
and  tetraborane  as  principal  products  and  the  pentaboranes  to  a  lesser 
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extent.  The  data  appear  in  Table  VI.  Quantum  yields  varied  markedly 
with  slight  changes  in  reaction  cell  temperature  and  decreased  slightly 
with  exposure  time.  In  contrast  to  the  previous  investigation,  no  bor- 
ane  polymer  was  observed  in  the  reaction  cell,  even  after  repeated  us¬ 
age.  In  addition,  pentaborane- 11  was  found  as  the  predominant  penta- 
borane  product.  The  quantum  yields  of  all  products  were  higher  than 
previously  found,  especially  those  of  the  borane  fractions.  Photolysis 
of  the  higher  boranes  can  be  attributed  to  the  low  quantum  yield  values 
found  in  the  former  investigation  of  Hirata  and  Gunning.  The  presently 
used  gas  circulating  reaction  system  has  apparently  obviated  these  pro¬ 
blems. 

Due  to  the  uncontrolled  random  temperature  fluctuation  during  runs 
and  its  effect  on  the  quantum  yield  a  process  of  low  activation  energy 
could  be  expected.  A  rough  plot  of  log  quantum  yield  vs.  absolute  tem¬ 
perature"^  was  used  to  compare  results  at  different  pressures  extrapo¬ 
lated  to  28°C.  On  this  basis  a  plot  of  quantum  yield  versus  pressure 
for  five  minute  runs  are  shown  in  Figure  17.  It  is  quite  apparent  that 
the  quantum  yields  of  tetraborane  and  hydrogen  increase  with  pressure 
and  that  pentaborane-11  decreases,  while  the  yield  of  pentaborane- 9  is 
almost  negligible  at  all  pressures  studied. 

The  quantum  yield  of  disappearance  of  diborane  was  found  to  be 
suspiciously  greater  than  unity. 

Low  Light  Intensity  Runs 


The  absorbed  light  intensity  was  reduced  some  sixty  fold  to  7.  15  x 
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FIGURE  17.  Quantum  Yields  of  Hydrogen  and  the  Higher 
Boron  Hydrides  at  High  Light  Intensity  as  a  Function  of 
Pressure. 
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g 

10"  einsteins/minute  and  pressures  studied  between  200  and  1300  torr. 

As  in  the  case  of  the  previous  experiments  the  data  in  Table  VII  were 

V 

extrapolated  on  a  rough  log  $  vs.  absolute  temperature"1  plot  to  28°C. 
The  results  of  these  extrapolations  are  shown  in  Figure  18.  Borane  pro¬ 
duct  data  are  not  listed  for  the  first  four  experiments  due  to  faulty  chro¬ 
matographic  runs,  which  were  caused  by  a  leak  in  the  system  found  sub¬ 
sequent  to  their  analysis. 

Discussion 

The  dramatic  increase  in  quantum  yield  for  the  disappearance  of 
diborane  which  approaches  ten  moles / einstein  at  1300  torr  and  a  light 
intensity  of  7.15  x  10"^  einsteins /minute  clearly  indicates  a  chain  reac¬ 
tion.  The  fact  that  the  chain  increases  with  decreasing  light  intensity 

supports  the  view  that  chain  termination  is  the  result  of  radical- radical 

t 

recombination. 

The  pentaborane-11  is  a  secondary  product  as  shown  by  its  decrease 
in  quantum  yield  with  increasing  pressure  at  the  higher  light  intensity  and 
also  its  almost  negligible  value  at  high  pressure  and  the  lower  light  in¬ 
tensity.  Some  evidence  as  to  its  origin  may  be  obtained  by  comparing 
the  mole  percent  of  condensible  products  attributed  to  tetraborane  and 
pentaborane-11  respectively.  As  shown  in  Figure  19,  an  equivalent  dec¬ 
rease  in  pentaborane-11  yield  with  rising  pressure  is  accompanied  by  a 
reflected  increase  in  tetraborane  yield.  Apparently  vibrationally  exci¬ 
ted  tetraborane  decomposes  to  form  pentaborane-11. 
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Intensity  as  a  Function  of  Pressure. 


MOLE  %  OF  VOLATILE  PRODUCT 
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FIGURE  19.  Percent  Yield  of  Tetraborane  and  Pentaborane  - 1  1 
as  a  Function  of  Pressure  at  High  Light  Intensity. 
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A  recent  study  has  been  published^  on  the  reaction  of  tetrabor- 
ane  and  ethylene  which  sheds  some  light  on  the  nature  of  pentaborane- 11 
formation.  Under  conditions  at  which  tetraborane  undergoes  thermal 
decomposition  it  reacts  with  ethylene  to  yield  hydrogen  and  a  carborane, 
dimethylene  tetraborane,  in  a  1:1  mole  ratio.  This  suggests  the  follow¬ 
ing  reaction  steps: 


B  H 
4  8 


B  H 
4  10 


+  C  H 
2  4 


— >  B  H  +  H 
4  8  2 

— >  C  H  B  H 
2  4  4  8 


(ID 

(11a) 


The  simple  addition  of  BqHg  across  the  ethylene  double  bond  is  sugges¬ 
ted  by  the  ring  structure  of  the  product.  An  extension  of  this  reasoning 
to  the  formation  of  pentaborane-11  by  the  following  reaction  scheme  is 
reasonable. 


B  H  +  B  H  — >  B  H  +  BH  (12) 

4  8  2  6  5  11  3 

The  presence  of  pentaborane-9  in  the  Hg  6(~>P^)  reaction  products, 
although  very  minor,  can  conceivably  arise  from  photolysis  of  pentabor¬ 
ane-11,  which  absorbs  strongly  at  the  wave  length  of  2537  A. 

B  H  h-^->  B  H  +  H  (6a) 

5  11  59  2 

The  experimental  data  was  tested  in  light  of  the  above  postulated 
secondary  reactions.  Quantum  yields  of  all  the  higher  boron  hydrides 
were  summed  up  as  though  they  were  all  products  of  secondary  react¬ 
ions  of  tetraborane  and  the  yields  of  hydrogen  from  these  secondary  re¬ 
actions  subtracted  from  the  quantum  yield  of  hydrogen.  These  data  are 
listed  in  the  extreme  right  hand  two  columns  of  Tables  VI  and  VII.  A 
graphical  representation  of  the  higher  light  intensity,  five- minute- run 


« 
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data  extrapolated  to  28°C  appears  in  Figure  20.  As  indicated,  tetrabor- 

ane  and  hydrogen  can  therefore  be  considered  the  primary  products  of 

3 

the  Hg  6(  P^)  photosensitization  of  diborane  and  are  formed  in  a  one  to 


one  ratio. 


QUANTUM  YIELD 


71 


0  100  200  300  400 

PB  H  »  torr 
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FIGURE  20.  Primary  Quantum  Yields  of  Hydrogen  O  and  Tetra- 
boraneLAin  the  Hg  6(  )  Atom  Initiated  Decomposition  of  Diborane 

at  High  Light  Intensity. 


CHAPTER  IV 


KINETIC  PARAMETERS 

Introduction 

-3 

The  presently  discovered  sensitivity  of  the  Hg  6 (  Pp)  sensitized 
diborane  reaction  to  temperature  and  light  intensity  necessitated  the 
modification  of  the  reaction  system  in  order  that  these  factors  could 
be  carefully  controlled.  A  reinvestigation  of  the  kinetic  parameters  of 
light  intensity  and  pressure  was  performed,  along  with  the  additional 
studies  of  reaction  time  and  temperature. 

Further,  the  free  radical  character  of  the  chain  was  tested  with 
the  addition  of  the  well  known  free  radical  inhibitor,  nitric  oxide,  added 
to  the  Hg  6(^Pj)  photosensitized  as  well  as  a  thermally  initiated  reaction 
system. 

3 

Lastly,  excess  molecular  hydrogen  was  added  to  the  Hg  6(  Pj_) 

photosensitized  system  for  comparison  with  the  thermal  decomposition, 

11  12 

found  earlier  to  be  inhibited  by  its  presence  ’ 

Results 

Light  Intensity  Study 

The  photosensitized  decomposition  was  studied  over  a  range  of  ab¬ 
sorbed  light  intensities  of  2.  2  x  lO"8  to  4.  9  x  10”^  einsteins/ minute  at  a 
pressure  of  766  -  777  torr.  Exposure  times  were  varied  from  15  minu¬ 
tes  at  low  light  intensities  to  2  minutes  at  the  highest  values  in  order  to 


, 
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maintain  a  minimum  conversion  consistant  with  the  production  of  meas¬ 
urable  diborane  decomposition,  thus  reducing  the  extent  of  secondary- 
reactions. 

The  light  intensity  results  are  compiled  in  Table  VIII  along  with 
their  reduction  to  primary  yields  computed  in  the  manner  previously 
described.  Inverse  half  order  dependence  of  the  quantum  yields  on  light 
intensity  is  demonstrated  by  a  plot  of  the  primary  yields  of  tetraborane 
and  hydrogen  vs.  light  intensity  on  log-log  paper  (Figure  21).  The  data 
fit  a  straight  line  with  a  slope  of  -0.479  at  light  intensities  up  to  a  max¬ 
imum  value  of  24  x  10“ ^  einsteins /minute.  At  higher  light  intensities 
the  primary  quantum  yields  deviated  from  the  -0.  50  line  in  a  manner 
which  approaches  0.  5  moles / einstein  at  infinite  light  intensity  (Figure 
22). 

Pressure  Study 

Reaction  pressure  was  varied  over  the  range  190  to  1250  torr  at 
the  absorbed  light  intensity  of  4.  4  x  10“®  einsteins /minute  (Table  IX). 

At  pressures  above  500  torr  the  chain  propagation  is  proportional  to 
pressure  and  may  be  extrapolated  to  a  quantum  yield  of  unity  at  zero 
pressure  (Figure  23).  At  pressures  lower  than  500  torr  the  quantum 
yield  falls  toward  zero  pressure.  In  the  latter  case  the  mass  balance 
of  tetraborane-hydrogen  primary  products  fails  increasingly  with  the 
lowering  of  the  pressure. 


Time  Dependence 


. 


Quantum  Yields  of  Hydrogen  and  the  Higher  Boron  Hydrides  as  a  Function  of  Light  Intensity 
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FIGURE  21 .  Log- Log  Plot  of  Primary  Quantum  Yields  of  Hydrogen  and  Tetraborane  as  a  Function 
of  Light  Intensity. 
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.-^GURF  22.  Primary  Quantum  Yields  of  Tetraborane  and  Hydrogen  as  a  Function  of  Light  Intensity 
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FIGURE  23.  Primary  Quantum  Yields  as  a  Function  of  Diborane  Pressure. 
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The  effect  of  exposure  time  was  examined  to  determine  the  extent 
of  secondary  photosensitized  decomposition  or  direct  photolysis  of  the 
primary  products,  and  to  elucidate  the  variation  of  quantum  yield  with 
time.  No  marked  alteration  in  the  observed  quantum  yield  could  be  de¬ 
tected  (Table  X).  The  observed  products  provided  a  good  mass  balance 
in  hydrogen  between  the  H2  formed  and  that  missing  from  the  higher  bo¬ 
ron  hydrides  found  as  reaction  products.  The  agreement  was  within  10% 
up  to  reaction  times  of  30  minutes.  At  the  reaction  time  of  15  minutes, 
which  was  used  for  most  of  the  experiments,  the  mass  balance  was  with¬ 
in  5%. 

Temperature  Study 

The  Hg  6(  P]_)  dibo  rane  reaction  was  studied  between  the  tempera¬ 
tures  of  4.  95  and  45.  10^-  0.  05°C  and  at  an  absorbed  light  intensity  of 
1.  2  -  0.  02  x  10  einsteins/minute.  The  observed  yields  are  displayed 
in  Table  XI  with  the  primary  values  for  tetraborane  and  hydrogen  on  a 
constant  time  basis  appearing  in  the  last  two  columns.  At  the  higher 
temperatures  a  small  but  significant  thermal  reaction  occurred  (approx¬ 
imately  5%  at  the  highest  temperature)  and  the  hydrogen  and  higher  bo¬ 
ron  hydrides  produced  in  control  runs  have  been  substracted  from  the 
photosensitized  run  values.  An  Arrhenius  plot  of  the  results  is  shown 
in  Figure  24  which  yields  upon  least  square  analysis  an  activation  ener¬ 
gy  of  4.9  1  0.1  kcal/mole  for  chain  propagation. 


Chain  Inhibition  by  Nitric  Oxide 
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FIGURE  24.  Arrhenius  Plot  of  the  Primary  Quantum  Yields  o{ 
Hydrogen  and  Tetraborane. 
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It  has  been  well  established  in  the  literature  that  nitric  oxide,  a 
paramagnetic  compound  with  one  unpaired  valence  electron,  inhibits 
free  radical  chain  reactions  by  combining  with  these  radicals.  Our  stu¬ 
dies  of  the  mercury  photosensitized  decomposition  of  diborane  at  low 
light  intensities  clearly  indicate  the  existence  of  a  chain.  Chain  inhibi¬ 
tion  by  NO  under  normal  chain  conditions  therefore  would  be  additional 
evidence  of  free  radicals  in  the  decomposition  process  of  diborane. 

o 

Several  15  minute  runs  were  made  at  a  light  intensity  of  5.  0  x  10 
einsteins /minute  and  a  pressure  of  785  torr,  values  at  which  the  chain 
length  was  reasonably  long  in  order  that  a  good  comparison  could  be 
made.  The  results  of  these  experiments  with  varying  amounts  of  nitric 
oxide  are  presented  in  Table  XII  and  displayed  graphically  in  Figure  25. 
It  is  apparent  from  the  data  that  NO  has  a  marked  suppressing  effect  on 
the  chain  length. 

In  the  above  reactions  no  trace  of  any  boron  hydride  of  molecular 
weight  greater  than  that  of  tetraborane  could  be  observed  when  the  pho¬ 
tosensitization  took  place  with  NO  present.  One  other  product  was  ob¬ 
served  which  just  slightly  trailed  tetraborane  on  the  chromatograms 
(Figure  26).  This  product  disappeared  with  increasing  NO  concentra¬ 
tion  and  was  totally  absent  at  2%  NO.  The  reactivity  of  this  product 
with  NO  along  with  its  position  on  the  chromatogram,  a  function  of  mole¬ 
cular  weight,  suggests  that  it  may  well  be  nitrosodiborane,  the  product 
of  NO  addition  to  a  diboryl  radical. 

In  order  to  test  the  effect  of  NO  on  the  thermal  decomposition  of 
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TABLE  XII 


Tetraborane  Yield  for  Diborane  Decomposition  in  the  Presence  of 
Nitric  Oxide. 


%  NO 

Micromoles 

B  H 

4  10 

Quantum  Yield 

.  B  H 

4  10 

0.  00 

3.  01 

4.  01 

0.  06 

0.  26 

0.  35 

0.  13 

0.  18 

0.  24 

0.  26 

0.  14 

0.  18 

0.  51 

0.  12 

0.  16 

1.  01 

0.  10 

0.  13 

1.  87 

0.  08 

0.  11 

I  =  5.  0  x  10‘^  einsteins / minute 

a 


QUANTUM  YIELD 
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FIGURE  25.  Nitric  Oxide  Inhibition  Curve  for  the  Formation  of 
Tetraborane  in  the  Mercury  Photosensitized  Diborane  Decompo¬ 
sition.  . 
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FIGURE  26.  Chromatogram  for  the  Products  of  Diborane  Decomposition  in  the  Presence  of  Nitric  Oxide. 
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diborane  two  120  ml  bulbs  containing  diborane  at  a  pressure  of  700  torr 
were  allowed  to  decompose  in  a  constant  temperature  bath  at  25°C  for 
24  hours.  Into  one  of  these  vessels  was  placed  approximately  0.  5  torr 
of  NO.  The  results  were  parallel  to  the  above  findings.  In  the  NO  free 
system  1.  35  micromoles  of  tetraborane  were  found  as  compared  to 
0.  10  micromoles  in  the  system  containing  NO.  These  results  confirm 
that  a  free  radical  process  is  also  involved  in  the  thermal  decomposi¬ 
tion  of  diborane. 

Added  Hydrogen 

O 

The  effect  of  added  molecular  hydrogen  on  the  Hg  6(~>P^)  decomp¬ 
osition  of  diborane  was  tested  by  means  of  four  experiments  of  differing 
hydrogen  concentrations  at  25°C  and  an  absorbed  light  intensity  of  4.  93 
x  10'"8  einsteins /minute.  The  results  obtained  appear  in  Table  XIII.  A 
slight  decrease  in  tetraborane  yield  occurs  and  is  graphically  shown  in 
Figure  27.  However,  if  the  percent  of  quenching  of  Hg  6(  Pj)  by  hydro¬ 
gen  molecules  is  considered  as  leading  to  no  further  reaction,  an  even 
greater  depression  should  be  expected.  This  correction  was  computed 
from  the  quenching  cross  sections  of  the  substrates  involved  (Appendix 
II)  and  appears  as  the  dotted  line  in  Figure  27. 

Dis  cus  sion 

The  presence  of  a  free  radical  involvement  in  the  chain  reaction 
initiated  by  Hg  6(3Pi)  atoms  is  confirmed  by  nitric  oxide  inhibition.  Sec¬ 
ondly,  the  reaction  is  first  order  in  diborane  concentration.  Thirdly, 
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Pit  ,  torr 

n2 


FIGURE  27.  Rate  of  Formation  of  Tetraborane  as  a  Function 


of  Added  Hydrogen. 
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the  reciprocal  square  root  of  light  intensity  dependence  of  chain  propa¬ 
gation  strongly  suggests  a  biradical  chain  terminated  by  radical- radical 
recombination.  Lastly,  chain  propagation  has  the  extremely  low  over¬ 
all  activation  energy  of  4.9  kcal/mole.  A  mechanism  for  the  chain  de- 


composition  must  therefore  be  consistent 

with  the  above  findings  and  the 

following  two  reaction  schemes  are 

consi 

der ed. 

Mechanism  A 

Hg  6(*S  )  +  (2537A) 

— > 

Hg  6(3P  ) 

(25) 

B  H  +  Hg  6(3P  ) 

2  6  1 

- > 

B  H  +  'H  + 
2  5  * 

Hg  6(’S  )  (20) 

0 

H  +  B  H 

2  6 

B  PI  +  H 

2  5  2 

(35) 

B  H  +  B  H 

2  5  2  6 

- > 

B  PI  +  H 

4  10 

(36) 

2B  H 

2  5 

- > 

B  H 

4  10 

(18) 

H  +  H  +  M 

— > 

PI  +  M 

2 

(19) 

H  +  B  H 

2  5 

— > 

B  H 

2  6 

(37) 

Mechanism  B 

Hg  6(!S  )  +  (2  5  37A) 

— > 

Hg  6(3P  ) 

(25) 

B  H  +  Hg  6(3P  ) 

2  6  1 

— > 

B  PI  +  H  + 
2  5 

Hg  6{!S  )  (20) 

H  +  B  H 

2  6 

— > 

B  H  +  H 

2  5  2 

(35) 

B  H 

2  5 

— > 

B  H  +  H 

2  4 

(38) 

B  H  +  B  H 

2  4  2  6 

- > 

B  H 

4  10 

(39) 

B  H  +  B  PI 

2  5  2  5 

> 

B  H 

4  10 

(18) 

H  +  H  +  M 

— > 

PI  +  M 

2 

(19) 

PI  +  B  PI 

2  5 

> 

B  H 

2  6 

(37) 
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Bond  Energy  Considerations 

On  the  basis  of  bond  energy  considerations  (Table  XXIII)  and  the 
nature  of  the  Hg  6(^P^)  atom  reaction  (Reaction  20),  the  HgH,  if  formed, 
would  have  excess  energy  of  19-21  kcal/mole  and  would  therefore  decom¬ 
pose  to  Hg  6(^0)  and  a  hydrogen  atom. 

The  terminal  hydrogen  bonds  of  diborane  would  be  expected  to  par¬ 
ticipate,  since  they  have  the  greatest  paramagnetic  character  as 
evidenced  by  a  nuclear  magnetic  resonance  at  a  lower  field  strength 
than  that  of  the  bridge  hydrogen.  Further,  the  excess  energy  in  the  Hg 
6(”>Pi)  atom  is  far  too  meager  to  additionally  cause  symetrical  bridge 
hydrogen  bond  clevage. 

The  postulation  that  the  molecular  hydrogen  produced  arises  from 
hydrogen  atom- hydrogen  atom  abstraction  from  a  second  diborane  mole¬ 
cule  is  consistant  with  the  free  radical  nature  of  the  primary  process. 
The  regeneration  of  chain  propagating  hydrogen  atoms  must  then  come 
from  the  reaction  of  the  diboryl  radical  produced  in  the  primary 

process.  On  the  basis  of  the  above  energetic  considerations  as  well  as 
the  suspected  transient  nitrosodiborane  found  in  the  inhibition  experi¬ 
ments  the  diboryl  radical  is  considered  the  most  likely  second  primary 

radical.  This  is  also  in  agreement  with  the  interpretation  of  Koski  on 

7  7 

the  position  of  B-H  bond  rupture  from  electron  impact  studies  . 

It  follows  therefore,  that  two  plausible  modes  of  regeneration  of 
hydrogen  atoms  can  be  portrayed.  The  first  is  the  reaction  of  diboryl 
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radicals  with  diborane  to  produce  tetraborane  and  a  chain  propagating  hy¬ 
drogen  atom  (Reaction  35).  The  second  is  a  unimolecular  decomposition 
of  the  diboryl  radical  to  produce  a  chain  propagating  hydrogen  atom  and 
diboron-tetrahydride  molecule  (Reaction  38),  a  compound,  transient  in 
nature  (Reaction  39),  which  has  been  postulated  previously22’  but  ne¬ 
ver  isolated  or  identified. 

Chain  termination  by  radical  recombination  (Reaction  18,  19  and 
37)  is  suggested  by  the  light  intensity  relationship. 

Experimental  evidence  of  fairly  short  chains,  even  at  low  light  in¬ 
tensities,  effectively  demonstrates  the  unique  efficiency  of  reaction  37. 
From  an  energy  standpoint,  it  would  be  expected  that  this  process  would 
result  in  the  formation  of  an  excited  diborane  molecule  which  could  dis¬ 
sociate  into  two  borane  groups  as  follows: 


h+b2h5  • 

— > 

•r* 

B2H6 

(37a) 

*T* 

B  H 

2  6 

— > 

2BH3 

(37b) 

and  thereby  dissipate  as  much  as  37  kcal/mole  of  its  excitation  energy. 
If  the  sole  fate  of  BH3  produced  in  this  process  is  thermal  equilibration 
and  recombination,  chain  termination  is  effectively  achieved. 

Recombination  of  like  radicals  in  Reaction  18  and  19  should  become 
important  at  high  pressure  and  high  light  intensities  where  the  radical 
concentrations  would  be  diffusion  controlled.  Reaction  18  would  be  more 
impoitant  than  19  due  to  the  third  body  restriction  on  the  latter.  Reac¬ 
tion  18  would  again  lead  to  an  excited  molecule  which  could  decompose 


by  either  of  two  modes: 


. 


- 
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B  H 
4  10 


❖ 


■>  B  H  +  BH 
3  7  3 


(41) 


B  H 
4  10 


->  B  H  +  H 
4  8  2 


(11a) 


If  decomposition  of  B3H7  does  not  ensue  before  recombination,  Reac¬ 
tion  41  becomes  an  efficient  energy  sink.  Likewise,  the  recombination 
of  BqHg  with  BHg  will  produce  B^H-q  : 


B  H  +  BH 
4  8  3 


->  B  H  , 

5  11 


(42) 


Under  high  light  intensity  conditions  (Chapter  III)  experimental  evidence 
for  the  pressure  dependence  of  BgH^  formation  indicates  a  collisional 
energy  transfer  of  excess  energy  in  the  B^H^q  *'  species,  thus  somewhat 
reducing  Reaction  11a: 

B  H  *  +  M  - >  B  H  +  M  (43) 

4  10  4  10 


Further,  at  low  pressure  Reaction  13  would  again  become  important. 

In  this  case  the  possibility  of  collisional  deactivation  is  reduced  some¬ 
what  and  the  concentration  of  BHg  in  the  reaction  system  due  to  Reaction 
37  would  be  low  compared  to  that  at  high  light  intensity.  Therefore,  the 
B3H7  and  the  BqHg  species  would  require  reaction  with  diborane  mole¬ 
cules  to  produce  tetraborane  and  pentaborane-11,  respectively: 


B  H  + 
3  7 

B2H6 

— > 

B  H  + 
4  10 

BH3 

(3) 

B  H  + 
4  8 

B2H6 

— > 

B  H  + 

5  11 

BH3 

(12) 

While  the  recombination  of  borane  groups  to  form  these  molecules  re¬ 
quire  little  or  no  activation  energy,  Reaction  3  and  12  require  the  sym¬ 
metrical  cleavage  of  the  diborane  bridge  bond.  It  is  therefore  not  unex¬ 
pected  that  these  species  produce  borane  polymer  and  excess  hydrogen. 


O 
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This  is  indeed  manifested  in  the  loss  of  a  mass  balance  of  volatile  pro¬ 
ducts  under  low  light  intensity-low  pressure  conditions. 


Steady  State  Analysis 

A  steady  state  analysis  of  both  mechanisms  may  be  found  in 
Appendix  III.  At  low  pressure  and  low  light  intensity  (Reaction  37  for 
chain  termination)  the  analysis  yield  the  following  expressions  for  the 
quantum  yields  of  hydrogen  and  tetraborane: 

Mechanism  A 


B  H 
4  10 


35  36 


(B2H6> 

I* 


(44) 


Mechanism  B 


=(Khio 


kj*  (B  HA 
35  38  2  6 


I* 


(45) 


and  are  consistent  with  the  experimental  results  (Figures  22  and  23). 
Comparing  the  two  reaction  schemes  on  the  basis  of  activation  energy 
necessary  for  the  chain  propagating  steps  with  the  experimentally  found 
value  of  4.9  kcal/mole  allows  the  discarding  of  Mechanism  B. 


Mechanism  A 

(E  +  E  -E  ) 

4. 9  kcal/mole  -  35  <46> 

Mechanism  B 

(E35  +  e33  +  e3?) 

4.  9  kcal/ mole  f 


2 


(47) 
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Since  Reaction  37  is  a  recombination  of  radicals,  it  is  expected  to  have 
little  or- no  activation  energy.  An  estimation  of  the  heat  of  reaction  for 
Reaction  35  was  made  from  estimated  bond  energy  data  (Appendix  IV) 
and  the  subsequent  application  of  Semenov's  Rule7^  yields  an  estimated 
activation  energy  of  8.  2  kcal/mole.  In  the  case  of  Mechanism  B,  a  uni- 
molecular  decomposition  process  (Reaction  38),  a  high  activation  energy 
would  be  expected  and  this  is  inconsistent  with  the  experimental  findings. 

Returning  to  Mechanism  A,  a  value  of  1.  6  kcal/mole  is  computed 
for  the  activation  energy  of  Reaction  36.  This  result  is  not  incompatible 
with  the  notion  of  a  free  radical  attack  on  an  electron  deficient  compound. 

Steady  state  kinetic  analysis  for  the  conditions  of  high  light  inten¬ 
sity  and  high  pressure,  where  recombination  of  diboryl  radicals  predo¬ 
minate,  yields  the  following  expression  for  the  quantum  yields  of  hydro¬ 
gen  and  tetraborane: 


<K  =KH10  =  1  + 


k36  (B2H6> 


(48) 


1 8 


Although  this  function  apparently  reflects  the  experimental  find¬ 
ings  at  an  absorbed  light  intensity  of  4.4  x  10“ ^  einsteins /minute  for 
pressures  in  the  range  of  500  to  1300  torr  (Figure  23),  data  obtained  at 
higher  light  intensities  (Figures  18  and  20)  deviate  significantly. 
Quantum  yields  well  below  unity  found  at  the  highest  light  intensity  in 
which  pressure  studies  were  made  (Figure  20  and  Table  VI)  require 
the  consideration  of  Reaction  37  as  chain  limiting  in  the  pressure 
region  where  the  higher  light  intensity  data  were  obtained. 


.  ' 
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A  comparison  of  the  shape  of  the  pressure  function  at  the  two 

higher  light  intensities  (Figures  18  and  20)  suggests  that  at  pressures 

higher  than  those  studies,  a  curvature  might  be  observed  for  an 

absorbed  light  intensity  of  4.  4  x  10"8  (Figure  23).  Hence,  it  may  be 

fortuitous  to  use  the  high  pressure  data  at  4.  4  x  10“8  einsteins /minute 

to  obtain  the  ratio  of  rate  constants  k  /k  %rom  Equation  48. 

36  18 

Equation  44  was  evaluated  for  the  ratio  of  the  rate  constants  k  ^ 

35 

by  using  the  data  from  the  light  intensity  studies  (Table  VIII 
and  Figure  22).  The  value  obtained,  0.  447  cc^/mole^  sec^,  strikingly 
points  up  the  efficiency  of  the  back  Reaction  37  as  a  chain  termination 


process  in  diborane  decomposition. 


Added  Molecular  Hydrogen 

The  addition  of  added  molecular  hydrogen  has  been  found  to  inhi¬ 
bit  the  thermal  decomposition  of  diborane.  The  present  experimental 
findings  also  show  a  depression  in  the  quantum  yield  of  the  Hg  6(  P]J 
induced  decomposition.  Hydrogen  atom  involvement  in  the  decomposi¬ 
tion  scheme  necessitates  consideration  of  their  generation  and 

subsequent  reactions  resulting  from  molecular  hydrogen  fractional 

-2 

quenching  of  the  Hg  6(  P^)  atoms  in  the  gaseous  mixtures. 

Utilizing  Mechanism  A,  modified  to  the  extent  that  the  absorbed 

light  intensity  is  split  between  the  quenching  of  both  diborane  and  hydro¬ 
gen,  it  follows  that: 

Hg  6(3Pl)  +  B2H6  -±h->  B2H5  +  H  +  Hg  6(1Sq) 

Hg  6(3P  )  +  H2  yJa  >  H  +  H  +  Hg  6( 1  Sq) 


. 
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and  according  to  their  quenching  ratio  derived  from  the  relationship: 


Quenching  by  B  H 

2  6 


Quenching  by  H„ 


'QB  H  (B  H  )  (1  +  M  /M 


2  6  2  6 


Hg  B  H 

B  2  6 


) 


(51) 


^QH  (H  )  (1  +  M  /M 

2  2  Hg  H 


a  steady  state  analysis  (Appendix  III)  yields  the  following  function, 

yi 


d  B  H 

4  10  = 

dt 


(yi  )‘ 

a 


k  k  (B  H  )  I 
35  36  26  a 

k37 


(52) 


where  y^a  is  the  fraction  of  light  absorbed  which  is  quenched  by  hydro¬ 
gen.  As  y*a  approaches  zero  the  above  function  reduces  to  equation  44 
when  converted  to  a  quantum  yield  expression  by  dividing  through  by  the 
absorbed  light  intensity. 

Dividing  through  by  y^  yields: 


d  B 


yi 


k  k  ,  (B  H  ]F  I 

1/4  +  35  36  . *  2..  j _ -1/2 


4^0  /dt  /,  ,,  .  "35  36 


(53) 


If  the  1/4  under  the  square  root  sign  is  considered  small  in  com¬ 
parison  to  the  rest  of  the  term,  a  plot  of  d  BqH^Q/dt/y^a  as  a  function  of 

(B  H  )  I  ^/yl  should  give  a  straight  line  with  an  intercept  of  -1/2  and 

2  6a  a 

a  slope  equal  to  k  ^k  fyk  Such  a  plot  of  the  experimental  data 

35  36  37 

is  found  in  Figure  28.  The  values  agree  well  with  theory  and  the  slope 
or  ratio  of  rate  constants  is  found  to  be  0.441  cc^/mole^  sec^,  which 
should  be  compared  to  0.  447  cc  ^/ moles^  sec^found  in  the  experiments 


as  a  function  of  absorbed  light  intensity. 


■ 
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This  correlation  further  supports  the  above  postulated  Mechanism 
A  and  further  demonstrates  dramatically  the  importance  of  Reaction  37 
in  limiting  the  chain  length  in  the  overall  scheme. 


CHAPTER  V 


REACTIONS  OF  DIBORANE  WITH  S(1D)  AND  S(3P)  ATOMS 
Introduction 

Since  sulfur  atoms,  produced  in  their  singlet  (XD)  metastable  state 
by  the  photolysis  of  gaseous  carbonyl  sulfide  in  the  wave  length  region 
2290  -  2250  A,  could  be  inserted  into  the  carbon-hydrogen  bonds  of  al¬ 
kanes,  it  seemed  plausable  that  the  same  reaction  would  occur  with  the 
terminal  boron-hydrogen  bonds  of  diborane.  Although  the  over  all 

i 

structure,  one  that  is  electron  deficient  in  the  sense  of  electrovalency, 

is  markedly  different,  the  terminal  boron-hydrogen  bonds  are 

80 

considered  to  be  covalent  electron  pair  bonds  . 

Results 

The  room  temperature  photolysis  of  15  torr  COS,  using  the  2288A 
radiation  of  a  cadmium  resonance  lamp  at  various  pressures  of  dibor¬ 
ane  from  45  to  1200  torr,  produced  a  derivative  of  the  substrate,  which 
contains  one  atom  of  sulfur  and  which  has  been  tentatively  identified  as 
diboryl  mercaptan.  Other  products  of  the  reaction  were  found  to  be  car¬ 
bon  monoxide  and  small  amounts  of  hydrogen  and  tetraborane.  The  two 
non- condens able  products  were  not  quantitatively  measured.  The  car¬ 
bon  monoxide  could  not  be  separated  in  the  present  analytical  system 
from  the  diborane  due  to  the  formation  of  borane  carbonyl,  however, 
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these  products  were  qualitatively  identified  by  mass  spectr ometric 
analysis.  An  accumulation  of  sulfur,  which  had  settled  to  the  bottom 
of  the  reaction  vessel,  indicated  a  homogeneous  formation  and  was 
observed  only  after  a  number  of  experiments  had  been  performed. 
Conversions,  were  low. 

Because  the  diborylmercaptan  was  sufficiently  unstable  to  prevent 
volumetric  calibration  of  the  chromatographic  peaks,  arbitrary  plani- 
meter  areas  are  used  as  comparative  quantities  with  respect  to  the  re¬ 
action  conditions  (Table  XIV).  Nevertheless,  the  chromatographs  indi¬ 
cated  no  signs  of  the  product  decomposition  on  the  column  (Figure  29). 

Relative  rates  of  mercaptan  formation  are  plotted  against  dibor- 
ane  pressure,  and  the  effect  of  the  added  inert  gases,  CO2  and  C^F^ 
are  shown  in  Figure  30.  This  substrate  pressure-product  plot  is  typi¬ 
cal  of  that  found  for  S^D)  atom  insertion  in  paraffinic  hydrocarbons. 

The  rate  of  mercaptan  formation  as  a  function  of  COS  pressure 
appears  in  Figure  31. 

Diborylmercaptan 

As  far  as  can  be  ascertained,  there  is  no  previously  published 

description  of  the  synthesis  or  properties  of  diborylmercaptan.  A.  Stock^ 
had  studied  the  hydrogen  sulfide-diborane  system  and  detected  no  reac- 

r  81 

tion.  Later  the  reaction  was  reinvestigated  by  Berg  and  V  agner  .  How¬ 
ever,  due  to  the  lack  of  the  presently  available  analytical  techniques  and 
because  of  the  thermal  instability  of  the  compound,  they  were  unable  to 
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TABLE  XIV 


Rate  of  Diborylmercaptan  Formation  from  Carbonyl  Sulfide  Photol¬ 
ysis  in  the  Presence  of  Diborane. 


PB  H 

2  6 

mm 

P 

COS 

mm 

P 

Added  Gas 
mm 

Rate  of  Mercaptan 
Formation 

Arbitrary  Units/30  mm 

45 

15 

2.  37 

45 

15 

760  C  F 

2  6 

2.  11 

45 

15 

765  COo 

2 

0.  00 

200 

15 

—  — 

4.  92 

558 

15 

— 

6.  27 

900 

15 

6.  00 

900 

15 

— 

6.  15 

900 

15 

900  CO 

0.  54 

900 

25 

—  - 

9.  57 

900 

50 

-- 

10.  89 

900 

100 

-- 

12.  84 

900 

200 

11. 00 

1200 

15 

— 

6.  37 

FIGURE  29.  Chromatograph  of  the  Products  of  the  S(  D)  Atom  Reaction  with  Diborane. 
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FIGURE  30.  The  Rate  of  Diborylmercaptan  Formation  as  a  Function  of  Diborane  Pressure  and  the 
Effect  of  Added  Inert  Gases. 
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FIGURE  31  .  The  Rate  of  Diborylmer captan  Formation  as  a 
Function  of  Carbonyl  Sulfide  Pressure. 
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recover  anything  but  (BSH)X  polymer  in  their  experiments.  Fortunate¬ 
ly,  it  was  possible  to  prepare  enough  material  by  the  thermal  reaction 
of  diborane  and  hydrogen  sulfide,  utilizing  a  dewar  shaped  pyrolysis 
reactor  of  the  type  used  previously  for  the  synthesis  of  thermally  un- 

ic 

stable  higher  boron  hydrides1^’  'i,  to  obtain  the  following  physical  data. 
Infrared  Absorption  Spectrum 

A  typical  spectrum,  shown  in  Figure  32,  may  be  compared  with  a 
spectrum  for  diborane  in  Figure  33.  A  sharp  peak  at  2593  cm"\  which 
is  absent  in  the  diborane  spectrum,  is  characteristic  of  S-H  stretching. 
In  addition,  the  bridge  hydrogen  (B-H-B)  absorption,  which  appears  at 
1600  cm  ^  in  diborane,  is  shifted  to  the  higher  frequency  of  1750  cm“^ 
in  the  mercaptan  as  would  be  expected  by  the  substitution  of  a  more 
electronegative  group,  such  as  SH,  in  the  position  of  one  of  the  terminal 
hydrogen  atoms.  The  replacement  of  one  of  these  hydrogen  atoms  by 
an  electropositive  alkyl  group  shifts  this  bridge  absorption  to  lower 
frequencies.  Furthermore,  the  symmetry  of  the  molecule  is  also  dis¬ 
turbed  as  evidenced  by  the  loss  of  the  destinctivenes s  of  the  rotational 
fine  structure  found  in  the  diborane  spectrum. 

Vapor  Pressure 

The  equilibrium  pr es sur e-temper ature  relationship  (Figure  34)  for 
temperatures  between  -80  and  0°C  may  be  described  by  the  equation: 
log  P  =  -1.  4363 / T  +  7.  6677,  which  is  derived  from  a  least  squares 
analysis  of  the  experimentally  acquired  data  shown  in  Table  XV.  An 
extrapolation  yields  a  26.  9°C  boiling  point.  Assuming  the  Clausius- 
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FIGURE  32.  Infrared  Spectrum  of  Diborylmercaptan.  Pressure  =  12  torr,  10  cm  cell. 
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FIGURE  33.  Infrared  Spectrum  of  Diborane  Pressure  10  torr,  10  cm.  cell. 
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FIGURE  3  4.  Vapor  Pressure  of  Diborylmercaptan  as  a 


Function  of  Temperature. 
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Clapeyron  equation  to  be  valid,  a  molar  heat  of  vaporization  of  6.  5^ 
kcal/mole  is  obtained. 

Mass  Spectrum  of  Diborylmer captan 

Diborylmer captan  shows  no  strong  parent  peak,  as  is  the  case 
with  other  boron  hydrides  of  low  molecular  weight.  Since  boron 
hydrides  are  electron  deficient  compounds  the  electron  removed  by 
ionization  is  normally  a  bonding  electron,  thus  resulting  in  extensive 
fragmentation  of  the  molecules.  The  ion  cracking  pattern  shown  in  Fig. 
35  clearly  indicates  the  incorporation  of  only  one  sulfur  atom  per  mole¬ 
cule.  Small  peaks  above  the  expected  parent  m/e  peak  of  60  are  presum¬ 
ably  due  to  polymerization  of  the  compound  in  the  mass  spectrometer. 

Dis  cus  sion 
Reaction  Mechanism 

The  experimental  results  qualitatively  fit  a  mechanism  similar 
to  that  already  proposed  for  the  insertion  of  S(^D)  atoms  in  the  C-H 
bonds  of  hydrocarbons. 


COS  +  h') 

— > 

CO  +  S{lD) 

(29) 

S(!D)  +  B2H6 

- > 

B  H  SH" 

2  5 

(53) 

S^D)  +  C02 

— > 

S(3P)  +  co  * 

(30) 

S(]D)  +  COS 

- > 

S(3P)  +  cos" 

(31) 

S(*D)  +  COS 

- > 

CO  +  so 

2 

(32) 

S(3P)  +  COS 

- > 

co  +  s2 

(54) 

S(3P)  +  S(3P) 

S2 

(55) 

"S2 

- > 

s 

.  2n 

(56) 
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FIGURE  3  5.  Mass  Spectral  Fragmentation  Pattern  for  Diborylmercaptan  (70eV). 
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Reaction  53  is  proposed  as  the  mode  of  mercaptan  formation.  The 
efficiency  of  this  reaction  is  expected  to  be  high  owing  to  the  hydridic  na¬ 
ture  of  the  bond^.  From  bond  energy  considerations  a  vibr ationally  ex¬ 
cited  mercaptodiborane  molecule  will  most  certainly  ensue  and  it  can  be 
efficiently  deactivated  by  symetrical  dissociation  at  the  bridge  position. 


B  H  SH* 
2  5 


BH^  +  BH  SH 


(57) 


An  alternative,  the  excited  mercaptan  molecule  dissociating  via  a 
free  radical  mechanism, 

B  H  SH*  — >  B  H  +  SH  (58) 

2  5  2  5 

can  be  ruled  out  on  the  basis  of  the  product  distribution.  Although  radi¬ 
cal  replacement  reactions  involving  diborane  have  been  proposed  in  this 
thesis  and  can  well  explain  the  attendent  formation  of  tetraborane,  the 
lack  of  any  significant  quantity  of  these  products  precludes  the  occurr- 
ance  of  step  58  as  a  predominant  mode  of  thermal  equilibration  in  the 
mechanism. 

At  low  relative  pressures  of  diborane  Reactions  31  and  32  compete 
with  B-H  bond  insertion. 

O 

A  third  mode  of  reaction  for  S(JP)  atoms,  which  would  be  the  ab¬ 
straction  of  hydrogen  atoms  can  be  ruled  out  on  the  basis  that  the  addi¬ 
tion  of  small  quantities  of  CO^  to  the  reaction  mixtures  has  a  drastic 
suppressing  effect  on  mercaptan  formation  and  without  the  adherent  for¬ 
mation  of  the  free  radical  generated  products  of  hydrogen  and  tetrabor¬ 


ane. 
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Abstraction  is  furthermore  energetically  unfavorable.  For  exam¬ 
ple,  abstraction  of  an  H-atom  from  a  terminal  position  in  diborane  is 
endothermic  to  the  extent  of  15.  0  kcal/mole,  taking  90.  0  kcal/mole  for 

D(B-H)  (Appendix  IV)  and  assuming  a  value  of  75  kcal/mole  for  D(S-H) 

82,  83. 

The  presence  of  perfluoroethane  has  virtually  little  effect  upon  the 
insertion  process.  This  suggests  the  affinity  of  sulfur  atoms  for  oxygen 
as  the  primary  basis  for  the  efficiency  of  CO^  in  the  singlet-triplet  con¬ 
version. 

Additionally,  since  the  ground  state  of  diborane  is  a  singlet,  spin 
conservation  requires  S(^D)  atoms  in  Reaction  53. 

Structure  of  Diborylmer captan 

Because  experimental  attempts  at  obtaining  an  NMR  spectrum  of 
diboryl  mercaptan  have  been  thus  far  unsuccessful,  a  positioning  of  the 
sulfur  atom  in  the  structure  is  not  completely  demonstrated.  Neverthe¬ 
less,  a  comparison  of  its  physical  properties  with  the  reported  proper¬ 
ties  for  methylthioborane,  (CH^SBH^).^,  is  illuminating.  This  compound, 
similar  to  its  oxygen  analog,  is  polymeric  with  x  varying  from  slightly 

greater  than  three  in  the  liquid  to  slightly  greater  than  two  in  the  vapor 

81 

phase  .  A  trimeric  composition  has  also  been  reported  in  benzene  sol¬ 
ution^.  In  the  case  of  halogen  substituted  species,  dichloro  (methylthio) 
borane  is  dimeric  in  boiling  benzene;  the  dibromo  deritive  was  reported 
to  be  85%  dimerized  in  this  same  medium.  Bridged  sulfur  atoms  were 
proposed  as  the  basis  for  the  dimeric  structure^. 
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A  comparison  of  electronegativity  values  for  the  halogens 
indicates  an  increased  tendency  for  dimerization  with  the  electron 
withdrawing  power  of  the  halogen.  In  contrast,  diborylmer captan 
would  not  be  expected  to  dimerize  for  the  reason  that  hydrogen  has  a 
lower  electronegativity  than  the  halogens  and  would  not  be  expected  to 
strengthen  the  dative  bond.  In  addition,  the  hydrogen  replacement  of 
the  methyl  group  on  sulfur  would  weaken  the  base  strength  of  the 
sulfur  non-bonding  electron  pairs. 

A  monomeric  form  is  further  supported  by  the  linearity  of  the  va¬ 
por  pres  sure- temperature'^  relationship  over  the  temperature  range 
studied.  Curvature  would  be  expected  in  the  case  of  association.  Fur¬ 
thermore,  should  the  addition  compound  be  formed,  hydrogen  elimina¬ 
tion  would  be  expected  to  take  place  with  the  subsequent  formation  of 
BSH  polymer  with  a  mechanism  similar  to  that  proposed  for  the  hydro¬ 
lysis  of  diborane  by  Weis  and  Shapiro^  •  Evidence  to  the  contrary  is 
illustrated  by  the  ability  to  obtain  vapor  pressure  measurements  at  tem¬ 
peratures  as  high  as  0°C  while  the  vapor  is  at  room  temperature.  The 
liquid  product  quickly  polymerizes  at  room  temperature  indicating  an 
intermolecular  decomposition  in  the  liquid  phase. 


- 
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CHAPTER  VI 


THE  REACTION  OF  FREE  RADICALS  WITH  DIBORANE 

Introduction 

The  kinetic  studies  of  diborane  decomposition  (Chapter  IV)  have 

led  to  the  postulation  of  a  free  radical  displacement  reaction  of  the  type 

R  +  B  H  — >  B  H  R  +  H  (59) 

2  6  2  5 

in  chain  propagation  through  the  regeneration  of  a  hydrogen  atom  chain 
carrier.  Furthermore  this  reaction  must  have  a  low  activation  energy. 
Verification  of  this  postulated  step  in  the  decomposition  was  tested  ex¬ 
perimentally  by  three  sets  of  semi-quantitative  experiments  in  which 
the  free  radicals,  HS,  C2H&  and  C3H-,  were  produced  in  a  diborane  at¬ 
mosphere  at  room  temperature.  The  first  was  by  the  photolysis  of  hy¬ 
drogen  sulfide  with  the  emission  of  a  cadmium  resonance  lamp,  while 
the  latter  two  were  formed  by  hydrogen  atom  addition  to  the  respective 
olefins  in  a  Hg  6(^P]_)  atom  photosensitized  mixture. 

The  formation  of  diborylmer captan  by  the  reaction  of  SH  radicals 
with  diborane  appeared  feasable  and  would  give  valuable  additional  in¬ 
formation  concerning  the  structure  of  the  compound. 

Because  of  the  relatively  low  activation  energy  necessary  for  hy- 

87 

drogen  atom  addition  to  the  olefinic  double  bond  (5  kcal/mole)  as  com 
pared  to  hydrogen  atom  abstraction  from  diborane,  which  is  estimated 
to  be  8.  2  kcal/mole,  scavenging  by  the  olefin  with  the  attendent  forma- 
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tion  of  an  alkyl  free  radicals  which  subsequently  react  with  diborane  to 
regenerate  hydrogen  atoms,  is  expected  to  be  considerably  important 
and  to  result  in  an  elongation  of  the  radical  chain. 

Results 

Photolysis  of  Hydrogen  Sulfide  in  the  Presence  of  Diborane 

The  photolysis  at  2288A  yielded  diborylmer captan  as  the  major 
product  of  the  reaction.  In  addition,  hydrogen  and  a  small  amount  of 
tetraborane  were  also  formed.  The  latter  is  estimated  to  be  from  five 
to  ten  percent  of  the  condensible  products.  Identification  of  the 
mercaptan  to  be  the  same  material  as  that  produced  in  the  reaction  of 
S(^D)  atoms  with  diborane  was  made  through  comparison  of  vapor 
pressure,  infrared  spectra  and  mass  spectral  data.  Rate  of  diboryl- 
mercaptan  formation  in  arbitrary  planimeter  units  for  the  30  minute 
runs  is  shown  in  Table  XVI  and  displayed  graphically  in  Figure  36. 

Thermal  Reaction  of  Hydrogen  Sulfide  and  Diborane 

Upon  testing  the  previous  reaction  mixture  for  the  presence  of  a 
dark  reaction  the  formation  of  small  amounts  of  hydrogen,  tetraborane, 
and  diborylmer  captan  were  observed.  These  products  were  identified 
by  the  time  in  which  they  eluted  from  the  G.  L.  P.  C.  column  and  by  the 
comparison  of  I.  R.  Spectra. 

Analysis  of  a  mixture  of  800  torr  and  200  torr  of  diborane  and  hy¬ 
drogen  sulfide,  which  was  allowed  to  react  at  room  tempei  ature  in  a 
volume  of  590  ml  over  a  twelve  hour  period  revealed  the  foimation  of 
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TABLE  XVI 


Rate  of  Diborylmercaptan  Formation  by  the  Photolysis  of  Hydrogen 
Sulfide  in  the  Presence  of  800  mm  of  Diborane. 


Rate  of  Mercaptan  Formation 
Arbitrary  Units/30  mm 


50 

3.  69 

100 

5.  19 

200 

6.  90 

200 

6.78 

300 


6.  48 
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FIGURE  36.  Rate  of  Formation  of  Diborylmer captan  from  the 
Photolysis  of  Hydrogen  Sulfide  in  the  Presence  of  Diborane. 
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12.  6  micromoles  of  hydrogen.  In  an  additional  experiment  of  one  half 
hour  duration  0.  87  micromoles  of  hydrogen  was  produced.  The  conden¬ 
sable  product  data  appear  in  Table  XVII. 

A  volume  extrapolation  to  the  small  photolysis  cell  lead  to  an  es¬ 
timate  that  3.  5  percent  of  the  mercaptan  produced  in  those  runs  arises 
from  thermal  formation. 

An  increase  in  the  rate  of  hydrogen  formation,  in  contrast  to  a  de¬ 
crease  in  mercaptan  formation,  for  the  longer  run  points  up  the  thermal 
instability  of  the  mercaptan.  In  the  preparation  of  a  sufficiently  large 
quantity  of  the  mercaptan  for  the  purposes  of  physical  characterization 
a  previously  described  "dewar  type"  reaction  flask  was  utilized  which 
effected  low  temperature  condensation  of  the  mercaptan  thus  permitting 
stabilization  and  removal  of  the  compound.  In  addition  a  roughly  equal 
amount  of  tetraborane  was  produced. 

Hg  6rPx)  Photo  sensitization  of  Diborane- Olefin  Mixtures 

The  expected  low  yield  of  hydrogen  produced  in  the  reaction  of  di¬ 
borane  with  small  amounts  of  added  olefins  was  realized  (Table  XVIII) 
in  both  the  thermal  experiments  and  those  initiated  by  Hg  6(  P^)  atoms. 

It  should  also  be  noted  that  although  the  over  all  quantum  yield  is 
approximately  a  factor  of  ten  larger  than  the  decomposition  of  diborane 
without  the  olefin,  the  quantum  yield  of  hydrogen  production  is 
approximately  a  factor  of  ten  less  than  in  the  latter. 

The  room  temperature  thermal  decomposition  of  diborane  in  the 
presence  of  4.  1%  added  propylene  produced  a  small  amount  of  normal 
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TABLE  XVII 


Diboryl  Mercaptan  Formation  at  Room  Temperature  in  a.  Mixture 
of  Diborane  and  Hydrogen  Sulfide. 


Time 
hr  s. 


Mercaptan 
Formation  x  10 
Arbitrary  Units /min. 


T  etraborane 
F  or  mation 

Arbitrary  Units/min. 


12 

0.  5 


16.  0 


11.0 


23.  0 


trace 


Product  Data  for  the  Mercury  Photosensitized  Decomposition  of  Diborane  in  the  Presence  of  Olefin* 
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and  isopropyl  diborane  in  the  ratio  of  about  10:1.  When  the  thermal  re¬ 
action  was  allowed  to  continue  for  23  hours  small  amounts  of  hexanes 
were  found  in  addition  to  the  alkyl  diboranes.  These  were  identified  by 
their  retention  time  in  chromatographic  analysis. 

In  a  photosensitized  decomposition  of  equivalent  duration  the  ra¬ 
tio  of  n-  to  iso-propyl  diborane  dropped  to  3:1  and,  in  addition,  small 
quantities  of  n-hexane,  2-methylpentane,  and  2,  3-dimethylbutane  were 
observed. 

Similar  results  were  found  in  the  addition  of  ethylene,  however, 
with  this  olefin  di-  and  trialkyl  borane  products  were  observed.  Of  par¬ 
ticular  interest  is  the  observance  of  no  symetrical  diethyl  diborane  in 
the  products  indicating  a  selective  process  in  the  attack  of  an  alkyl  rad¬ 
ical  on  an  already  substituted  diborane  molecule. 

Dis  cus  sion 
Chain  Reactions 

It  is  clear  from  the  above  results  that  a  free  radical  attack  on  di¬ 
borane  produces  hydrogen  atoms  which  are  chain  carriers.  Olefin  add¬ 
ition  with  its  low  activation  energy  scavenging  of  hydrogen  atoms  enhan¬ 
ces  chain  length.  Because  of  lack  of  a  light  source  calibration,  chain 
determination  on  the  HS  reaction  is  impossible.  Nevertheless,  the  fol¬ 
lowing  simple  mechanism  is  suggested. 


2288A 


H  S  + 
2 

hi) 

— > 

H  +  SH 

(60) 

SB  +  B2 

T 

— > 

B0H  SH  +  H 

2  5 

(61) 

- 


124 

H  +  H  S 

— > 

SH  +  H 

(62) 

2 

2 

H  +  B  H 

- > 

B  H  +  H 

(35) 

2  6 

2  5  2 

SH  +  B  H 

- > 

B  H  SH 

(-58) 

2  5 

2  5 

H  +  B  H 

- > 

B  H 

(37) 

2  5 

2  6 

H  +  SH 

- > 

H  S 

(63) 

2 

(M) 

H  +  H 

- ^ 

S' 

H 

(19) 

2 

As  the  pressure  of  added  H?S 

is  raised  from  50  to  300  torr, 

while 

the  diborane  pressure  remains  constant  in  a  static  photolysis,  the  rate 
of  formation  of  mercaptan  was  found  to  reach  a  peak.  However,  the  de¬ 
pression  in  the  yield  at  the  higher  pressure  of  H^S  cannot  be  explained 
by  a  deactivation  process  as  in  the  case  of  the  foregoing  S-atom  inser¬ 
tion. 

Since  H-atoms  are  produced  in  both  the  formation  of  SH  radicals 
(Reaction  60)  and  the  formation  of  the  mercaptan  (Reaction  6l),  at  steady 
state  it  would  be  expected  that  the  H-atom  concentration  would  be  rela¬ 
tively  large  compared  to  other  radicals  present.  Therefore,  under  these 
conditions,  H-atoms  would  enter  into  recombination  (Reactions  37  and 
63)  or  abstraction  processes  (Reactions  62  and  35)  in  that  the  only  other 
alternative  is  a  third  body- restricted  recombination  (Reaction  19).  In 
our  studies  of  the  mercury  photosensitized  decomposition  of  diborane  the 
recombination  of  H-atoms  with  diboryl  radicals  (Reaction  37)  has  been 
found  to  be  very  efficient  compared  to  the  abstraction  process  (Reaction 
35)  and,  therefore,  would  limit  the  diboryl  radicals  to  a  relatively 
low  concentration.  This  effectively  reduced  Reaction  58  to  a  minor 
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role  in  the  formation  of  the  mercaptan.  The  presence  of  Reaction  37  is 
confirmed  experimentally  by  the  absence  of  large  quantities  of  tetrabor- 
ane  in  the  reaction  products.  Consequently  the  mode  of  mercaptan  for¬ 
mation  is  predominantely  by  Reaction  61.  Another  fate  of  the  SH  radicals, 
such  as  the  formation  of  hydrogen  disulfide  by  recombination  can  be  eli¬ 
minated  from  consideration  owing  to  the  absence  of  this  product.  The 
predominant  mode  of  H-atom  disappearance,  resulting  in  the  depres¬ 
sion  of  mercaptan  formation,  would  be  Reaction  63. 

A  chain  possibility  of  the  reaction  sequence,  which  was  not  a  part 
of  this  investigation,  lies  in  the  abstraction  Reaction  62.  Any  participa¬ 
tion  of  this  reaction  would  lead  to  a  chain,  providing  Reaction  61  can  com¬ 
pete  favorably  with  Reaction  63.  One  can  therefore  expect  a  shortening 
of  any  such  chain  process  with  an  increase  in  concentration  of  H-atoms, 
either  through  Reaction  61  or  through  an  increase  in  absorption  at  higher 
concentrations  of  H^S  (Reaction  60). 

Thermal  Reaction 

In  the  case  of  the  thermal  reaction  of  diborane-hydrogen  sulfide 
mixtures,  the  attendant  formation  of  significant  quantities  of  tetraborane 
indicate  the  reaction  is  largely  a  radical  process  initiated  by  free  radi¬ 
cals  formed  in  the  thermal  degredation  of  diborane.  Abstraction  of  hy¬ 
drogen  from  a  hydrogen  sulfide  molecule  would  initiate  the  SH  radical 
process  described  above. 

Hg  6(^F>l)  Initiated  Reaction 


. 


- 
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In  the  case  of  the  Hg  6(^P^) 

initiated  reaction  of  diborane 

with  ole 

sequence  of  reaction  may  be  written  as  follows: 

Hg  6(  3P,  )  +  B  H 

1  2  o 

— > 

H  +  B2H&  +  Hg  6(]So) 

(20) 

Hg  6(3Pj  )  +  R= 

-> 

R=*  +  Hg  6(*  SQ) 

(64) 

H  +  R= 

— > 

R 

(65) 

H  +  B  H 

2  6 

> 

B  H  +  H 

2  5  2 

(35) 

R  +  B  H 

2  6 

-» 

B  H  R  +  H 

2  5 

(59) 

R  +  B  H  R 

2  5 

— > 

B  H  R  +  H 

2  4  2 

(66) 

R  +  B  H  R 

2  4  2 

-> 

BH  +  BR  +  H 
•  3  3 

(67) 

R  +  B  H 

2  5 

— > 

B  H  R 

2  5 

(68) 

H  +  B  H 

2  5 

-> 

B2H6 

(37) 

2BH3  - 

-> 

B2H6 

(1) 

B2H5  +  B2H5  ' 

-> 

(18) 

R  +  R 

-> 

RR 

(69) 

H  +  H  +  M 

M  +  H 

2 

(19) 

R  +  BH3 

> 

RBH2 

(70) 

R  +  B2H6 

> 

RB2H5 

(71) 

where  R-  is  the  olefin  and  R  the  free  radical  produced  upon  hydrogen 
atom  addition. 

The  increased  quantum  yield  of  disappearance  over  and  above  the 
pure  diborane  system  further  substantiates  the  low  activation  energy  for 
free  radical  attack  on  the  diborane  molecule.  Although  no  temperature 
study  has  been  made,  an  estimation  of  the  over  all  activation  energy  can 
be  made.  If  one  considers  the  value  computed  in  Chapter  IV  for  the  ac- 


. 
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tivation  energy  of  diboryl  radical  reaction  with  diborane: 

B  H  +  B  H  — >  B  H  +  H  (36) 

2526  4  10  V  1 

Ea  —  1.  6  kcal/mole,  as  typical  of  radical-hydrogen  displacement  re¬ 
actions  for  diborane,  and  chain  termination  by  radical- radical  recom¬ 
bination  witn  little  or  no  activation  energy,  then  an  activation  energy 
for  the  chain  process  would  be  in  the  neighborhood  of  3.  3  kcal/mole 
according  to  the  following  computation: 


(E  +  E  -  E  )  /2 

a(65)  a(59)  a(termination) 


(72) 


a(chain) 

Not  to  be  overlooked  is  the  importance  of  hydrogen  formation  at 
low  partial  pressures  of  olefin,  even  in  the  case  of  the  thermal  reaction. 
This  substantiates  the  free  radical  nature  of  the  process.  Furthermore, 


a  previous  study  of  thermal  reaction  between  diborane  and  ethylene 


88 


yielded  explosions  when  the  diborane- olefin  ratio  exceeded  0.  5,  further 
substantiating  a  chain  process. 

In  the  presence  of  large  quantities  of  olefin  where  the  reaction 


path  is  diffusion  controlled  by  radical- radical  recombination,  an  expec¬ 
ted  shortening  of  the  chain  is  realized  (Figure  37).  The  effect  of  chain 

89 

inhibition  has  also  been  observed  in  diborane  oxygen  explosions  as 

8  8 

well  as  the  above  diborane- ethylene  system  . 


Neither  the  nature  of  the  participation  of  triplet  excited  olefin 

f  O 

molecules,  R~  >  produced  by  the  quenching  of  Hg  6(  Pi)  atoms  (Re¬ 
actions  64  and  72),  for  the  reaction  of  ground  state  olefin  with  transient 
BH3  (Reaction  71)  can  be  ascertained  from  the  above  data.  However,  on 
the  basis  of  expected  "relatively"  high  activation  energies,  these  i  e- 
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^  =  7.  15  x  10  einsteins /minute 

cL 

^  pj  =  508-540  torr 
2  6 
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FIGURE  37. 


Quantum  Yield  of  Diborane  Conversion  as  a 


Function  of  Olefin  Concentration. 
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actions  would  be  minor  in  the  overall  conversion. 

The  formation  of  2,  3-dimethylhexane  demonstrates  the  interme¬ 
diate  formation  of  isopropyl  radicals.  The  almost  exclusive  production 
of  this  radical  by  hydrogen  atom  addition  has  already  been  shown  by 
Robb^^.  Less  obvious  is  the  large  quantities  of  n-propyl  radicals  dis¬ 
played  as  n-propyl  diborane,  2  methylpentane  and  n-hexane. 

The  thermal  re-arrangement  of  secondary  to  primary  alkyl  bor- 
anes  has  been  demonstrated  by  H.  C.  Brown^  at  somewhat  higher  tem¬ 
peratures.  However,  this  isomerization  occurred  in  ether  solution  and 
a  mechanistic  extrapolation  to  the  gas  phase  may  be  unwarranted. 

Borane  free  radical  fragments  would  also  be  expected  to  add  to 
the  terminal  olefin  position.  A  subsequent  isomerization  of  the  secon¬ 
dary  radical  to  an  alkylborane  radical  by  intramolecular  hydrogen  atom 
transfer  is  possible. 

An  equally  conceivable  mode  is  the  direct  addition  of  BH3  groups 
to  the  pfT  carbon- carbon  double  bond.  It  is  energetically  plausible  for 
this  species  to  be  produced  by  symmetrical  bridge  dissociation  of  a  vi- 
brationally  excited  alkyl  borane,  formed  on  the  recombination  of  radi¬ 
cals.  However,  if  it  were  produced  in  this  manner  one  would  expect 
some  symetrical  dialkyldibor ane. 

At  the  present  time,  selection  of  one  of  the  modes  of  n-propyl  di- 


\ 

borane  formation  over  the  others  is  impossible.  Nevertheless,  the  sub¬ 
sequent  formation  of  normal  propyl  radicals,  which  emphasized  the  la¬ 
bility  of  the  alkyl  group,  is  demonstrated  by  the  products,  2  methyl- 
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pentane  and  n-hexane.  This  would  suggest  Reactions  66,  67  and  68  are 
reversible. 

In  the  case  of  ethylene,  of  particular  interest  is  the  absence  of 
symetrical  diethyldiborane,  which  precludes  the  formation  of  the  dialkyl 
compound  by  the  bridge  recombination  of  two  alkylborane  groups.  Fur¬ 
ther,  the  point  of  alkyl  radical  attack  is  indicated  as  the  boron  atom  of 
highest  electron  density,  which  is  enhanced  by  the  inductive  effect  of  its 


alkyl  substituent. 


. 


CHAPTER  VII 


SUMMARY,  CONCLUSION  AND  GENERAL  DISCUSSION 

In  the  final  chapter  the  author  wishes  to  correlate  the  above  exp¬ 
erimental  findings  with  other  works  in  the  published  literature  which 
deal  with  the  gas  phase  reactions  of  the  diborane  molecule  and/or  its 
dissociation  or  decomposition  products,  and,  to  summarize  the  general 
similarities  of  these  chemical  systems. 

Secondly  the  experimental  results  bear  an  interesting  correlation 
which  can  be  related  to  the  nature  of  the  reactive  interaction  between  Hg 
b(3Pi)  atoms  and  hydrogen  sigma  bond  in  alkanes  as  well  as  diborane. 

Conclusion 

1)  The  primary  reactive  species  produced  by  the  reaction  of  Hg 
atoms  with  diborane  are  a  hydrogen  atom  and  a  diboryl  free  radi¬ 
cal. 

2)  The  primary  molecular  products  of  the  Hg  6(  Pj)  initiated, 
room  temperature  decomposition  of  diborane  are  hydrogen  and 
tetraborane  and  these  are  formed  in  a  1:1  molar  ratio. 

Pentaborane-11  is  found  as  a  secondary  product.  Its  formation 
is  pressure  sensitive,  decreasing  with  increasing  pressure,  which 
suggests  that  its  formation  arises  from  decomposition  of  vibrationally 

excited  tetraborane. 

Pentaborane  -9  is  only  found  in  trace  quantities  under  the  present 
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experimental  conditions. 

3)  The  photosensitized  formation  of  tetraborane  is  inhibited  by 
trace  amounts  of  nitric  oxide,  a  free  radical  trap.  Room  temperature 
formation  of  tetraborane  in  the  decomposition  of  diborane  is  also  inhibi¬ 
ted  by  nitric  oxide.  This  demonstrates  free  radical  participation  in  the 
thermally  decomposing  system  as  well. 

4)  Photosensitization  studies  of  varying  light  intensities  display 
evidence  for  a  free  radical  chain  reaction  following  Hg  6(“>P^)  initiation. 
Dependence  of  the  quantum  yield  on  the  inverse  square  root  of  the 
absorbed  light  intensity  show  the  chain  termination  step  to  be  radical- 
radical  recombination. 

5)  Quantum  yields  were  found  to  be  proportional  to  pressure,  al¬ 
though  not  directly  so.  Their  dependence  as  a  function  of  radical  con¬ 
centration  varied  with  the  nature  of  the  species  involved  in  chain  termi¬ 
nation. 

At  high  absorbed  light  intensities  and  high  pressure,  where  diboryl 
radical  recombination  is  predominant,  the  primary  quantum  yields  of  hy¬ 
drogen  and  tetraborane  should  follow  the  relationship: 


J  B  H  =  1  + 
Y  4  10 


k  (B  H  ) 
35  2  6 


£  K 


(48) 


k18 


However,  at  the  light  intensities  and  pressures  studies,  hydrogen 


atom  diboryl  radical  recombination  is  predominent  in  chain  termination 


and  the  primary  quantum  yields  of  hydrogen  and  tetraborane  fit  the  rela- 


■ 
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tionship: 


H  =  4  B  H 
2  1  4  10 


ft  ft 

k  k  (B  H  ) 

35  36  26 


k 


36  x  ft 


(44) 


37  a 

The  ratio  of  the  rate  constants  k  ^  k  ^  /k  ^  is  found  to  be 

35  36  37 

0/1/17  36.  ,36  36 

0.  447  cc  /mole  sec  . 

6)  The  over  all  activation  energy  for  the  free  radical  chain 
decomposition  of  diborane  is  found  to  be  4.9-  0.1  kcal/mole. 

7)  Molecular  hydrogen  has  no  inhibiting  effect  upon  the  primary 
free  radical  chain  decomposition  of  diborane. 

8)  Free  radicals  react  with  diborane  in  a  methathetical  reaction 
of  low  activation  energy  replacing  hydrogen  atoms  according  to  the  fol¬ 
lowing  scheme: 


R  +  B  H.  - >  B  H  R  +  H  (59) 

Zb  Z  d 

o 

9)  A  mechanism  for  the  Hg  6(“>Pi)  initiated  free  radical  chain  de¬ 
composition  of  diborane,  which  is  consistent  with  the  experimental  find¬ 


ings  is  as  follows: 


B  H 
2 


+  Hg  6(3P  ) 

-> 

B  H  +  H  +  Hg  6(2 S  ) 

2  5  0 

(20) 

H  +  B  H  - 

-> 

B  H  +  H 

(35) 

2  6 

2  5  2 

H  +  B  H  - 

-> 

B  H  +  H 

(36) 

2  5  2  6 

4  10 

2B  H 

-> 

B  H 

(18) 

2  5 

4  10 

H  +  H  +  M  - 

> 

H  +  M 

(19) 

2 

H  +  B  H 

-> 

B  H 

(37a) 

2  5 

2  6 

— > 

2BH 

3 

(37b) 

B  H  - 

— ^ 

B  H  +  H 

(11) 

4  1 0 

4  8  2 

- 


*:» 
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+  BH 

3 

— >  B  H 

5  11 

(42) 

2BH 

3 

^  B  H 

^  2  6 

(1) 

10)  The  decomposition  of  diborane  in  the  presence  of  olefins  also 
leads  to  free  radical  chain.  The  formation  of  alkyl  diboranes  is  consis¬ 
tent  with  the  following  reaction  scheme: 

H  +  R  =  >  R. 

R’+  B  H  - >  B  H  R  +  H 

2  6  2  5 

R‘+  B  H  R  — B  H  R  +  H 

2  5  2  4  2 

R’+  B  H  R  - >  BH  +  BR  +  H 

2  4  3  3 

Replacement  of  alkyl  groups  on  diborane  by  other  alkyl  groups  is  also 
demonstrated. 

11)  Diboryl  mercaptan  is  formed  by  the  reaction  of  SH  radicals 
with  diborane. 

12)  Iso-alkyl  groups  attached  to  diborane  may  isomerize  to  the 
normal  isomer  in  the  gas  phase. 

13)  Singlet  sulfur,  S(^D)  atoms  insert  in  the  hydridic  terminal 
bonds  of  the  diborane  molecule  to  produce  diboryl  mercaptan. 

This  thermally  unstable  compound,  which  has  heretofore  never 
been  reported,  has  been  characterized  by  its  infrared  spectrum  and 
mass  spectral  ion  cracking  pattern  as  well  as  its  characteristic  vapor 
pressure  function. 

The  vapor  pressure  may  be  described  by  the  equation: 

log  P  =  -1.  4363/T  +  7.  6677 

between  the  temperatures  of  -80  and  0°C.  The  molar  heat  of  vaporiza- 


(65) 
(59) 

(66) 
(67) 
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tion  is  6.  57l  0.  05  kcal/mole. 

14)  Ground  state  S(^P)  atoms  do  not  react  with  the  diborane  mole¬ 
cule.  In  spite  of  the  fact  that  S(^fD)  atoms  can  be  considered  biradical 
species  no  evidence  of  radical  replacement  reactions  is  found. 

In  general,  it  can  be  concluded  that  in  any  system  whereby  free 
radicals  are  generated  in  the  presence  of  diborane,  a  free  radical  chain 
.decomposition  of  that  substrate  will  follow.  The  length  of  the  free  rad¬ 
ical  chain  is  inversly  proportional  to  the  square  root  of  radical  concen¬ 
tration.  In  the  light  of  these  conclusions  it  seems  profitable  to  review 
other  published  works  concerning  gas  phase  diborane  reactions. 

General  Discussion 

Thermal  Decomposition 

Due  to  the  inherent  thermal  instability  of  tetraborane  product,  the 
studies  aimed  at  the  elucidation  of  the  diborane  thermal  decomposition 
mechanism^’  ^  were  all  run  under  reaction  conditions  at  which 

secondary  reactions  predominated.  Only  in  one  study,  aimed  at  the  ef¬ 
ficient  preparation  of  tetraborane^,  was  the  true  nature  of  the  primary 
products  demonstrated. 

Initial  product  distribution  similarities  of  the  thermal  and  photo- 
chemically  initiated  diborane  polymerization  suggest  reaction  congru¬ 
ence  apart  from  modes  of  initiation.  In  addition,  identification  of  the 
BH2  free  radical  in  gas  phase  pyrolysis  by  Fehlner  and  Koski  would 
quite  likely  indicate  correspondent  species  produced  by  either  of  the 


above  modes  of  initiation. 
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The  present  findings  of  inhibition  of  tetraborane  formation  by  ni¬ 
tric  oxide  at  room  temperature  corroborates  the  free  radical  character 
of  the  decomposition. 

Some  explanation  is  necessary  however,  for  the  inhibition  of  the 
thermal  decomposition  by  molecular  hydrogen  as  found  in  the  studies  of 
Pease  and  Clark^.  As  pointed  out  earlier  this  decomposition  proceed¬ 
ed  well  through  the  primary  borane  product,  tetraborane,  and  no  doubt 
involved  the  equilibrium: 

2B  H  +  B  H  2B  H  +  2H  (73) 

410  2  6  ^  5  11  2 

which  has  been  studied  by  Adler  and  Stewart^.  In  the  presence  of  add- 
ed  hydrogen  the  equilibrium  will  be  shifted  to  the  left,  thus  decreasing 
the  conversion  of  diborane. 

The  kinetic  isotope  effect  demonstrated  by  the  relative  rate  of 
deuterodiborane  to  diborane  decomposition^  can  be  attributed  to  the 
reaction  in  which  a  deuterium  atom  instead  of  an  hydrogen  atom  are 
abstracted  in  free  radical  chain  propagation. 

Although  the  thermal  decomposition  is  largely  insensitive  to  sur¬ 
face  to  volume  ratio^  a  homogeneous  nature  of  reaction  initiation  is  not 
guaranteed.  It  has  been  pointed  out  by  several  authors79’  93  that  the  ab¬ 
sence  of  strong  surface  dependence  does  not  necessarily  prove  the  ab¬ 
sence  of  an  heterogeneous  reaction. 

The  surface  activity  of  the  deuterium  exchange  between  and  di¬ 
borane93  is  more  clear  cut.  The  change  in  reaction  order  for  deuterium 
from  zero  order  at  high  pressure  along  with  inhibition  by  the  addition  of 
nitrogen  and  carbon  dioxide  preclude  anything  but  a  suiface  involvement 


■ 
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in  the  exchange.  A  ten  fold  increase  in  surface  to  volume  ratio  doubles 
the  reaction  rate.  Finally,  the  activation  energy  for  this  exchange  was 
found  to  be  in  the  range  of  20  kcal/mole,  which  is  well  below  that  con¬ 
sidered  necessary  for  homogeneous  dissociation  of  diborane  into  borine 
groups. 

The  unsymmetr ical  cleavage  of  the  bridge  in  diborane  in  the  pre¬ 
sence  of  weak  Lewis  bases  to  product  BH^  and  BH4  adsorbed  species  on 
a  heterogeneous  surface  is  not  without  precedent^4’  The  following 

reaction  sequence  thus  seems  reasonable: 


B  H  - >  BH  ,  ,  +  BH  J  . 

2  6  2(ads)  4(ads) 


(74) 


BH 


4(ads ) 


BH  +  H 

2(ads)  2(ads) 


(75) 


where  ^z(ads)  on  t^ie  react^on  vessel  wall  can  participate  in  Reaction 
(75)  in  place  of  the  hydrogen  isotope. 

In  addition,  desorbed  BH^  free  radicals  may  initiate  the  previous¬ 
ly  described  free  radical  chain  decomposition  of  diborane. 

Surface  involvement  is  also  indicated  in  the  reaction  of  diborane 
with  ethylene  .  Here  again  a  ten-fold  increase  in  surface  increases  the 
reaction  rate  two  to  three  times.  Reactant  ratio  of  diborane  to  ethylene 
of  greater  than  0.  5  lead  to  mild  explosions;  evidence  of  a  chain  process. 
Here  again  radicals  produced  in  the  heterogeneous  decomposition  of  di¬ 
borane  on  the  walls  of  the  reaction  chamber  can  very  well  enter  into  the 
free  radical  chain  formation  of  alkyl- boranes  described  herein  in  the 

O 

discussion  of  the  Hg  6(  P^)  atom  initiated  reaction. 


Triplet  Atom  Reactions 
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Of  particular  interest  is  the  comparison  of  the  present  work  with 

O 

that  concerning  the  reaction  of  0(  P)  atoms  with  diborane  by  Fehlner 
3  0 

and  Strong  in  that  here  also  the  decomposition  of  diborane  is  initiated, 
again  by  triplet  atoms,  and  considerable  quantities  of  hydrogen  and  the 
higher  boron  hydrides  are  found  in  the  reaction  products.  While  they 

choose  not  to  consider  the  reaction: 

3 

0(  P)  +  B2H6  — >  OH  +  B2H5  (76) 

to  explain  their  results  the  following  two  compelling  reasons  support  its 
acceptance. 

First,  triplet  atoms  enter  into  abstractive  reactions  when  operat¬ 
ing  on  sigma  hydrogen  bonds.  And  secondly,  an  inspection  of  Figure  38, 
which  illustrates  data  abstracted  from  their  published  results,  shows 
that  tetraborane  formation  is  inversley  proportional  to  the  square  root 
of  the  absorbed  light  intensity,  thus  suggesting  its  free  radical  chain 
formation. 

Furthermore,  in  respect  to  diborane  oxidation,  flame  studies  in- 

O  O 

dicate  no  evidence  of  OH  emission  even  though  a  large  quantity  of  hy- 

29 

drogen  is  known  to  be  in  the  reaction  mixture  .  These  observations  can 
reasonably  be  explained  in  the  following  manner.  The  hydroxyl  radical 
is  short  lived  in  the  presence  of  diborane  and  reacts  with  the  substrate 
in  a  hydrogen  atom  substitution  reaction  of  low  activation  energy  as 
demonstrated  for  the  SH  and  alkyl  radicals  in  the  present  work. 

OH  +  B«H,  — >  B  H  OH  +  H  (77) 

2  6  2  6 

The  hydrogen  atom  is  then  allowed  to  abstract  another  forming  molecu¬ 
lar  hydrogen. 


' 


QUANTUM  YIELD 
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FIGURE  38.  Quantum  Yield  of  Tetraborane  as  a  Function  of 
Light  Intensity**  for  the  0(3P)  Atom  Reaction  with  Diborane.. 
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Finally,  the  results  of  the  photolysis  of  diborane  at  a  wave  length 
of  1849  A  has  been  reported  by  Krey  and  Marcus^,  These  authors  have 
chosen  to  invoke  two  separate  mechanism  for  the  formation  of  the  higher 
hydrides,  tetraborane  and  pentaborane-11.  This  conclusion  was  drawn 
from  the  fact  that  the  time  vs„  yield  plots  show  linearity  and  intersect 
at  the  origin.  Nevertheless,  this  can  also  be  the  case  if  tetraborane  is 
formed  in  a  vibrationally  excited  state.  Some  decomposes  to  form 
pentaborane-11  while  the  remainder  is  collisionally  deactivated  in  the 
same  manner  found  in  the  presence  of  Hg  6(°P^)  atom  initiated 
decomposition.  Congruence  is  indicated  by  the  decrease  in  pentaborane- 
11  yield  with  increasing  pressure.  Table  XIX  shows  their  data  to  be 
amenable  to  reduction  to  the  primary  product  yields  of  hydrogen  and 
tetraborane  outlined  in  the  present  work.  The  corrected  values  appear 
in  parenthesis.  The  average  percent  deviation  from  a  1:1  ratio  of 
hydrogen  to  tetraborane  is  within  10%,  which  their  ascribed  assuracy  of 
experiment.  Quantum  yields  for  the  disappearance  of  diborane  exceed 
unity  confirming  an  additional  similarity  to  the  Hg  6(°Pi)  photosensitized 
and  thermal  diborane  decomposition. 

Free  Radical  Role 

In  general,  therefore,  one  can  conclude  that  free  radicals  play  a 
most  important  role  in  the  conversion  of  diborane  to  tetraborane  and 
thus  to  the  higher  boron  hydrides.  This  importance  stems  from  the  fact 
that  once  a  free  radical  is  generated  in  the  presence  of  diborane  its  re¬ 
action  with  the  substrate  has  such  a  low  activation  energy  that  a  free  ra- 
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dical-hydrogen  atom  displacement  reaction  predominates. 

The  free  radical  displacement  reaction  may  be  linked  to  the  hy- 
dridic  character  of  the  boron  hydrogen  bonds.  Free  radical  displace¬ 
ment  usually  occurs  at  the  site  or  atom  of  greatest  polarizability  in  the 
molecule.  In  the  case  of  diborane,  it  is  the  boron  atom  which  has  the 
lower  electro-negativity  and  its  electrons  most  easily  polarized.  Dis¬ 
placement  of  a  hydrogen  atom  thus  results.  This  is  to  be  compared  to 
a  free  radical  attack  upon  a  hydrocarbon  where  the  polarization  of  the 
sigma  hydrogen  bond  is  reversed  due  to  the  fact  that  the  carbon  atom 
electronegativity  exceeds  that  of  hydrogen.  The  site  of  attack  is  then 
the  hydrogen  atom  resulting  in  the  displacement  of  the  alkyl  radical  or 
as  generally  stated,  the  abstraction  of  a  hydrogen  atom  from  the  alkane. 

Finally,  the  free  radical  nature  of  triplet  atoms  may  be  over-es¬ 
timated.  Although  these  species  may  be  considered  "Biradicals"  in 
structure,  their  reactivity  as  such  is  clouded  by  the  fact  that  S(JP)  is 
found  to  be  unreactive  with  diborane,  whereas  the  free  radical  of 
comparable  electronegativities,  SH  and  C2H5,  demonstrate  displace¬ 
ment  reactions.  If  this  lack  of  free  radical  character  is  extended  to 
O (3P)  and  Hg  6(3Pi)  atoms,  their  reactivity  must  be  determined  by  some 
other  property.  It  is  suggested  that  the  reaction  of  these  species  may 
be  depicted  as  an  interaction  of  the  magnetic  field  of  the  triplet  atom 
and  the  sigma  hydrogen  bond  in  the  transition  state.  The  driving  force 
for  the  reaction  is  the  strength  of  the  magnetic  field  coupled  with  the 
high  electronegativity  in  the  case  of  O(^P)  and  the  release  of  the 
potential  energy  in  the  case  of  Hg  6(  P^)  atoms. 
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APPENDIX  I 

STRUCTURES  OF  THE  BORON  HYDRIDES  AND  BORANE  INTER¬ 
MEDIATES 

DIBORANE 

Of  the  many  structures  which  have  been  proposed  for  diborane, 

the  presently  accepted  hydrogen  bridge  form  (Figure  39)  was  first 

9  5 

suggested  by  Dilthey  as  long  ago  as  1921.  While  Bauer's  inter¬ 
pretation  of  electron  diffraction  data  was  in  favor  of  an  ethane 
structure0^  reinterpretation  of  the  data  by  Longnet-Higgins  and  Bell9"^ 
showed  equal  accordance  with  the  bridge  structure.  Hedburg  and 
Schomaker^  have  since  made  a  more  precise  comparison  between  di¬ 
borane  and  ethane  by  electron  diffraction  which  favored  the  bridge 
structure.  Further  corroboration  of  the  hydrogen  bridge  was  supplied 
by  analysis  of  infrared99"103  and  Raman  spectra100’  103,  which  indicate 
two  types  of  B-H  linkage  present  in  the  molecule.  Finally,  more 
recent  nuclear  magnetic  resonance  studies  of  Schoolery^0^  unequivocally 
confirm  the  hydrogen  bridge. 

The  character  of  this  bridge  does  not  seem  amenable  to  simple 
description,  and  accordingly  has  been  treated  from  diverse  view  points 
105-107.  The  most  reCent  proposal  of  a  "Three- centered  Bond"  by 

108 

Eberhardt  and  Lipscomb  seems  most  useful. 

For  illustration,  consider  the  saturated  hydrocarbon,  C^H^.  Each 
carbon  supplies  four  orbitals  and  each  hydrogen  one,  each  containing  one 
valence  electron.  Bonds  are  formed  by  overlapping  one  of  the  four  tetra¬ 
hedral  sp^  orbitals  of  each  carbon  for  a  C-C  bond.  Ihe  othei  six 
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Diborane,  B  H 
2  6 


Pentaborane -9,  B  H 

5  9 


Pentaborane  - 1 1 ,  B  H 

5  11 


FIGURE  39.  The  Structures  and  Bonding  for  the  Volatile  Boron  Hydrides. 
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orbitals  of  the  carbon  atoms  are  combined  each  with  a  Is  orbital  of  a 
hydrogen  to  form  the  C-H  bonds.  When  the  total  number  of  electrons 
exceeds  the  number  of  available  orbitals,  as  in  NH^  or  N2H4,  excess 
pairs  occur  in  hybrid  orbitals.  In  such  compounds  two  orbital-two 
electron  bonds  are  written  along  with  unshared  electron  pairs,  if 
necessary.  The  orbitals  are  regarded  as  filled  if  each  element  in  the 
first  row  has  an  octet  of  electrons  and  if  hydrogen  has  two  electrons. 

In  contrast,  diborane,  B^H^,  has  but  12  electrons  and  14  orbitals. 
Any  molecule  which  has  the  number  of  valence  electrons  exceeded  by 
the  number  of  valence  orbitals  is  electron  deficient.  A  polyatomic  mole¬ 
cule  with  unfilled  valence  orbitals  should  not  exist  for  long  in  that  state 
but  should  adopt  a  configuration  capable  of  description  in  terms  of 
closed  shells.  The  chemical  generalization  is  an  electron  pair  three- 
centered  bond,  which  can  be  regarded  as  localized  molecular  orbital 
extending  over  three  nuclei  with  no  change  in  sign  of  its  wave  function 
in  the  region  between  the  nuclei.  This  description  is  a  simple  extension 
of  an  ordinary  electron  pair  bond,  which  can  be  regarded  as  a  localized 
two- center  orbital  extending  over  two  atomic  nuclei  with  no  change  in 
the  sign  of  its  wave  function  between  the  nuclei. 

While  the  atoms  are  considered  essentially  neutral  in  this  simpli¬ 
fied  valence  theory  approach,  the  two  bonding  conditions  of  the  hydrogen 
are  bound  to  affect  the  electronic  charge  distribution  within  the  mole¬ 
cule.  Experimental  evidence  from  proton  magnetic  resonance  spectrum 
thus  show  that  the  two  bridge  protons  are  more  negative  than  are 
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109 

the  four  terminal  bonds.  Hoffman  and  Lipscomb  in  a  complete 
LCAOSCF  analysis  of  the  four  electron  problem  of  the  bridge  hydrogen 
atoms  indicate  the  bridge  protons  have  above  -0.2  excess  charge.  In 
addition,  essential  agreement  was  found  in  the  computed  and  measured 
angular  geometry  of  the  molecule. 

The  boron  skeletons  of  nearly  all  the  remaining  known  boron  hy¬ 
drides  have  been  found  to  be  fragments  of  an  icosahedron  (Figure  39)  a 
relationship  first  noted  by  Kasper11^*  in  an  x-ray  diffraction  study  of 
decaborane.  This  relationship  when  combined  with  the  three- center ed 
bond  localized  molecular  orbital  theory  and  the  known  stoichiometry  of 
the  compounds  was  useful  in  determining  the  approximate  positions  of 
boron  and  hydrogen  atoms  when  no  other  data  is  available. 

TETRABORANE 

The  boron  and  hydrogen  positions  in  tetraborane,  B^H^q,  (Figure 
39)  were  established  by  x-ray  diffraction  studies  of  Nordmand  and 

1  1  A 

Lipscomb*11,  112  and  by  an  electron  diffraction  study  of  Jones  et.  at. 

The  arrangement  of  the  boron  skeleton  can  be  considered  a  fragment  of 
an  icosahedron;  two  trigonal  planes  joined  together  at  a  common  edge. 
A  combination  of  the  three- centered  bond  theory  and  the  boron  frame 
work  gives  the  established  structure  uniquely. 

The  short  B- B  bond  produces  some  strain  in  the  bridge  hydrogen 
ring  if  tetrahedral  boron  configuration  is  to  be  maintained  thus  causing 
an  asymmetry  in  the  hydrogen  bridge  bonds.  Both  the  pi  oton  and  B 
NMR  spectra  have  been  carefully  analysed  and  are  consistent  with  the 


'  f  I 
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proposed  structure.  As  in  diborane,  the  electronic  charge  distribution 
is  greater  on  the  bridge  hydrogen  atom  than  at  the  terminal  hydrogen 
position. 


PENTABORANES 


The  structure  of  pentaborane  (9),  B^H^,  was  established  indepen¬ 
dently  by  crystal  structure  and  electron  diffraction  studies^^  and 

supported  by  infrared  spectral  analysis  interpretations  and  entropy 
measurements,  which  indicate  high  symmetry.  Pentaborane  (9)  is  an 
ex-ception  to  the  icosahedron  fragment  geometry  in  that  the  four  triangu¬ 
lar  sides  are  pulled  together  into  a  square  pyramid  by  a  hydrogen  bridge. 

•3 

The  steric  strain  on  the  use  of  a  sp  hybridization  for  the  apex 
boron  atom  required  Lipscomb  to  include  a  B-B-B  three- center ed  bond 
in  which  the  centralized  boron  atom  in  the  apex  position  has  sp  hybridi¬ 
zation  and  the  third  p  orbital  is  utilized  in  forming  the  bridge  (Figure 


39). 

The  proton  resonance  spectra*^  suggests  that  the  apical  hydrogen 
is  slightly  more  negative  than  those  in  basal  terminal  positions,  how¬ 
ever,  the  bridge  hydrogens  are  the  most  negative.  The  spectra  obtained 
using  B^  resonance  have  not  only  confirmed  the  pyramidal  structure  and 
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ratio  of  bridge  to  terminal  hydrogen  but,  in  addition,  shows  the  apex 
boron  to  have  resonance  at  higher  fields  and  thus  more  negative  than 
the  other  boron  atoms. 

Pentaborane  (11),  again  an  icosahedral  fragment,  need  not 

require  sp  hybridization  of  the  central  boron  atom  to  maintain  the 
proper  apex  boron-hydrogen  bond  angles.  Either  the  sp  of  spJ  hy¬ 
bridization  appears  to  be  plausible.  X-ray  diffraction  data  of  Levine 

117  118 

and  Lipscomb  ’  establish  the  boron  position  with  certainty,  how¬ 
ever,  a  completely  clear  picture  of  the  hydrogen  positions  was  not 
obtained.  Nevertheless,  probability  is  very  high  indeed  that  the  struc¬ 
ture  is  that  shown  in  Figure  39. 

The  position  of  the  unique  apical  B-H  bond  directed  toward  the 
basal  plane  of  the  four  remaining  boron  atoms  is  to  be  noted.  Among 
all  the  boron  hydrides,  this  is  the  only  BH^  configuration  wherein  its 
boron  atom  is  attached  directly  to  more  than  two  boron  atoms. 

In  the  B^  -saturated  proton  NMR  spectrum  of  this  compound,  the 
approximate  relative  intensities  of  the  peaks  were  assigned  values  of 
6 :1 : 3 : 1,  reading  from  low  to  high  field  resonance.  Schaeffer,  Schoolery, 
and  Jones11^  assign  the  large  peak  at  low  field  to  the  six  terminal  posi¬ 
tions  attached  to  the  four  basal  boron  atoms;  the  apex  hydrogen  to  the 
second  highest;  and  the  unique  boron-hydrogen  bond,  extended  toward 
the  basal  plane  is  assigned  the  highest  resonance  position.  They  express 
some  uncertainty  in  these  assignments  and  the  bridge  hydrogens  may  not 
give  resonance  at  the  same  field  since  two  of  these  bridge  hydrogens  are 
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probably  unsymmetrical. 

In  general,  therefore,  as  evident  from  the  above  molecular 
descriptions  of  the  boron  skeletons,  the  boranes  may  be  thought  to  be 
constructed  of  triangles  of  boron  atoms.  Thus  molecular  polymeriza¬ 
tion  is  a  consolidation  of  triangles  of  boron  atoms  and  is  to  be  compared 
with  chain  catenation  of  other  known  covalent  hydrides.  Further,  the 
triangles  tend  to  sweep  out  a  pentagonal  pyramid  and  then  an  icosahe¬ 
dron. 

TRANSIENT  INTERMEDIATES 

Essential  to  any  delineation  of  a  reaction  mechanism  of  the  trans¬ 
ition  states  involved  is  a  description  of  the  possible  intermediate  species. 

Borane  (3),  BH3,  although  postulated  as  an  intermediate  in  the  re¬ 
actions  of  diborane  has  never  been  isolated  as  a  monomer.  The  follow¬ 
ing  attempts  have  been  made  to  observe  the  borane  group  directly. 

In  his  early  work,  Stock,  was  unsuccessful  in  his  attempts  to  test 

for  the  presence  of  BH3  using  flame  and  volumetric  techniques.  A 

120 

spectroscopic  search  by  Pimental  during  a  pyrolysis  study  was  also 
unfruitful.  Nelson  found  evidence  for  the  BH  molecule  in  flash  pyrolysis 
of  diborane  but  none  for  the  existence  of  BH3.  Based  upon  a  calculated 
electronic  structure  of  a  borane  biradical^2^,  Clinton  made  a  brief 
electron  spin  resonance  study  of  diborane  gas  at  room  temperature  and 
was  unable  to  find  evidence  for  the  borane  group. 

12  3 

It  has  not  been  until  recently  that  Shinke  and  coworkers  J  and 
Fehlner  and  Koski20  independently  using  mass  spectrometric  techniques 


. 


- 


■ 


159 


found  evidence  for  monomeric  existence  of  BHg  in  the  gas  phase  pyroly¬ 
sis  of  diborane.  In  addition,  the  latter  found  direct  evidence  for  the 
BH2  free  radical  under  pyrolytic  conditions. 

Diborane  (4),  B2Hq,  while  a  component  part  of  tetraborane  has 
never  been  singly  isolated.  Recently,  however,  its  adduct  with  triphenyl 
phosphine  has  been  well  characterized12^.  The  adduct  was  formed  in  the 
reaction  of  trimethylamine- triborane  (7)  with  the  phosphine.  Direct 
boron-boron  bond  linkage  was  confirmed  by  a  B11  NMR  spectra. 

Triborane  (7),  B3H7,  is  known  only  in  Lewis  base  adducts  prepared 

IOC 

by  the  reaction  of  tetraborane  with  strong  Lewis  acids1  .  While  a  frag¬ 
ment  of  tetraborane  supposedly  containing  a  B-B  bond,  the  B  ^  NMR 
spectra  of  the  adduct  requires  equivalence  of  all  three  boron  atoms.  Its 
structure  in  a  transitory  nature  is  speculative. 

Tetraborane  (8),  B^Hg.  While  postulated  as  an  intermediate  in 

126  71 

the  pyrolysis  of  diborane1  and  tetraborane  ,  tetraborane  (8)  has  also 

been  isolated  in  Lewis  base  adducts  produced  in  reactions  with  penta- 

12  7 

borane  (11).  The  infrared  spectrum  of  the  carbonyl  adduct  indicates 
BH2  groups  and  B-C-O  bonding  similar  to  that  of  borane  carbonyl.  The 
existence  of  three  equivalent  basal  boron  atoms  and  an  apecal  boron  is 
indicated  by  the  NMR  spectrum  of  the  borane  adduct. 


' 


160 


APPENDIX  II 


QUENCHING  CROSS  SECTION 


Quenching  Cross  Section,  o  ,  of  Diborane 


The  relative  quenching  efficiency  of  Hg  6pP^)  atoms  by  diborane 

44 

was  determined  by  the  method  of  Cvetanovic  using  n-butane  as  a 
4  8 

standard  .  In  an  experiment  to  determine  whether  the  products  of  the 


thermal  decomposition  would  react  with  the  nitrous  oxide  and  thereby 
produce  an  erroneous  comparison,  an  equal  mixture  of  diborane  and 
nitrous  oxide  were  allowed  to  stand  at  room  temperature  for  a  period 
of  three  hours.  Analysis  of  the  noncondensible  gas  present  upon  re¬ 
freezing  of  the  reactants  showed  only  hydrogen  was  present.  No  nitro¬ 
gen  was  produced  in  the  thermal  reaction  which  would  interfere  with  the 
quenching  measurements. 

The  data  are  listed  in  Table  XX  for  the  runs  used  to  determine  the 
light  intensity.  Runs  of  two  minutes  in  length  using  n-butane-nitrous 
oxide  mixtures  were  used  for  this  purpose.  Assuming  the  quantum 
yield  of  nitrogen  from  quenching  by  nitrous  oxide  is  one,  the  least 
squares  analysis  of  the  data  gave  a  light  intensity  of  1.  35  x  10  einsteins 
/minute.  The  slope  of  the  line  in  the  plot  of  1/^)N  vs*  /  ^2^  *s 

0.  234  in  agreement  with  previous  investigators. 

The  data  obtained  from  the  diborane  -  nitrous  oxide  experiments 
are  also  listed  in  Table  XX.  A  graphical  representation  of  these  results 
appears  in  Figure  40.  The  least  squares  analysis  of  the  data  yields  a 


slope  of  2.  297. 


. 
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TABLE  XX 


Competitive  Quenching  Cross  Section  Data 


N2 

(n-Butane) 

N 

1/^)N 

micromoles 

<N2°> 

2 

2,  460 

0.  505 

0.  911 

1.  090 

2.  235 

1.  028 

0.  828 

1.  209 

2.  040 

1.490 

0.  756 

1.  322 

1.  800 

2.  020 

0.  667 

1.499 

(B2H6> 

(n2o) 

1.  515 

0.  342 

0.  560 

1.  790 

1.265 

0.  500 

0.  468 

2.  140 

0.  819 

1.  010 

0.  303 

3.  330 

0.  497 

1. 930 

0.  184 

5.  440 

:■ 

• 
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(RH)/(N  O) 


FIGURE  40.  Competitive  Quenching  Plots  for  n-Butane  and 
Diborane  with  Nitrous  Oxide. 
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Applying  Cvetanovic's  relationship: 


1 


(3,  1  +  M  /M 

j Hg  2 

1  +  M  /M 

2  \  Hg  1 


1/2 


(77) 


where  ^  is  the  slope  of  the  1  /  line  and  M  the  reduced  mass  of  the 

respective  species  and  using  the  value  of  3.  6  A  for  the  quenching  cross 

section  of  n-butane,  a  value  of  26.4  A^  is  obtained  for  the  cross  section 

of  diborane.  This  value  is  in  substantial  agreement  with  the  23.  6  A 

30 

value  of  Fhelner  and  Strong  now  in  the  literature. 

For  comparison,  the  diborane  quenching  cross  section  along  with 


other  molecules  used  in  the  Hg  6(  P-^)  photosensitized  studies  described 


herein  are  listed  in  Table  XXI. 


■ 


table  XXI 


Some  Hg  6( 


)  Quenching  Cross  Sections 


Compound 


BEH6 

26.  4 

H2 

5.  6 

C2H4 

26 

C3H6 

32 

n-C4H10 

3.  6 

a)  Ref.  (45) 

b)  Ref.  (58) 


c)  Ref.  (48) 
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APPENDIX  III 


DERIVATION  OF  STEADY  STATE  EQUATIONS 


Mechanism  A 


B  H  +  Hg  6(5P  ) 
c  o  1 

H  +  B  H 
2  6 

B  H  +  B  H 
2  5  2  6 

2B  H 
2  5 

H  +  H  +  M 


H  +  B  H 
2  5 


L  I 

B  H  +  H  +  Hg  6(a  S  ) 
>  2  5  *  0 


->  B  H  +  H 
2  5  2 


->  B  H  +  H 
4  10 


->  B  H 
4  10 

->  H  +  M 

2 


•>  B  H 

2  6 


(Case  1) 


(20) 

(35) 

(36) 
(18) 
(19) 

(37) 


At  high  pressure  and  high  light  intensity  the  recombination  of  like 
radicals  is  important;  the  following  derivation  is  developed  using  Re¬ 
action  (18)  as  the  chain  termination  step.  The  product  rate  equations 


are: 


d  B  H 
4  10 

dt 


k36(B2H5)(B2H6)+  k18  (W 


(78) 


and 


d  H 


dt 


k35(H)(B2H6> 


(79) 


At  steady  state: 


d  (B  H  ) 

0  -  - -2-  -5-  :  I  -  k  (B  H  )(B  H  )  +  k  (H)(B  H  )  -  2k  (B  H  )d 

dt  a  362526  35  26  1825 

and 


0  -  d  (H) 
dt 


Xa  +  k36(B2H5)(B2H6}  "  k35(H)(B2H6) 


(81) 


(80) 
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By  adding  equation  (80)  and  equation  (81)  one  obtains: 

«/  i/ 

(W=Ia  /k18 


(82) 


Substitution  of  equation  (82)  in  equation  (81)  and  reducing  gives: 

I  ko/I  * 

(H>  =  - * -  +  — (83) 


k  (B  H  ) 
35  2  6 


k  y*  k 


18  35 

Using  these  expressions  in  the  rate  of  product  formation  expressions, 


Equation  (78)  and  Equation  (79),  yields: 


and 


B  Id 

4  10 


dt 


I  + 
a 


k,,i  % 
36  a 


(B2H6> 


(84) 


^  B4H10  =  H  = 

(Case  2) 

At  low  pressure  and  low  light  intensity  Reaction  37  becomes 
important  in  chain  termination. 

The  product  rate  equations  are  then: 


1  + 


36  _  (B  H  ) 

6  O 


(48) 


18  a 


d  B  H 

—Ir^  =  k36(W(B2H6> 


(85) 


and 


d  H 

__2_  =  k  (H)(B  H  ) 
dt  35  2  6 


(79) 


At  steady  state: 


0  = 


d(B  H  ) 

C.  D 

dt 


=  b  -  VVV'W  +  k35(H)(B2H6>  -  k37(H)(B2H5) 


(86) 
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and 


0  =  _d(H)  =  J  +  k  (B  H  )(B  H  )  -  k  (H)(B  H  )  -  k  (H)(B  H  ), 

dt  a  3625  26  35  26  37  25 


Adding  the  above  two  expressions  one  obtains: 

I 

(H)  = 


k  (B  H  ) 
37  2  5 


(88) 


subtracting  Equations  (86)  and  (87)  with  substitution  of  the  expression 
for  the  hydrogen  atom  concentration  and  reduction  gives: 


(B  H  )  = 

2  5 


k 

35  a 
ft  ft 

he  k37 


(89) 


and 


(H)  = 


k  ^1  ^ 
36  a 

ft  ft 

h5  k37 


(90) 


Substitution  of  these  expressions  in  Equations  (85)  and  (79)  yields: 


d  B  H  d  H 
4  10  2 


k  ^k  .  A  % 
35  36  a 


dt 


dt 


ft 


<B2H6> 


(91) 


‘37 


and 


k  ^  k  ^ 

$  B4H1  0  =  $  H2  =  ^  -  36-~  (B~H'  > 


ft  ft 
k37  *a 


2  6 


(44) 


Mechanism  B 


B  H  +  Hg  6(3P  ) 

— > 

B  PI  + 

H  +  Hg  6( 1 S  ) 

(20) 

2  6 

1 

2  5 

0 

H  + 

B  H 

— > 

B  H  + 

H 

(35) 

2  6 

2  5 

2 

B  H 

— > 

B  PI  + 

H 

'(38) 

2  5 

2  4 

B  H  + 

B  H 

— > 

B  H 

(39) 

2  4 

2  6 

4  10 

B  H  + 

b  ?i 

- > 

B  H 

(18) 

2  5 

2  5 

4  1  0 

(87) 


. 


■ 


H  +  H  +  M 
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■>  H  +  M 
2 

H  +  B  H  — >  B  H 

2  5  2  6 


(19) 

(37) 


(Case  1) 

Using  the  recombination  of  like  radicals  (Reaction  18)  in  chain 
termination,  the  product  rate  equations  are: 


d  B  H 
4 

dt 


10 


(B  H  )(B  H  )  +  k 
2426  18 


(B  H  )2 
2  5 


(92) 


and 


d  H 


2 


dt 


=  k35  (H)(B2H6> 


(93) 


At  steady  state: 

d  (B  H  ) 


0  = 


2  5 


dt 


=  I  (B  H  )  +  k  (H)(B  H  ) 
a  2  6  35  2  6 


k  (B  H  )  -2k  (B  H  f, 
38  2  5  18  2  5 


0  =  d  (H) 
dt 


I  (B  H  )  -k  (H)(B  H  )  +  k  (B  H  ) 
a26  35  26  38  25 


(95) 


and 


d  (B  H  ) 

0  =  - i —  =  k  (B^H  )  -k  (B  H  )(B  H  ) 

dt  38'  2  5  39  2  4  2  6 


(96) 


By  addition  of  Equations  (94)  and  (9  5)  one  obtains: 


<W = 


I*(B  H 
a  2  6 

Yz 

k18 


(97) 


Substitution  of  this  expression  into  Equation  (94)  and  reduction  gives: 


(H)  = 


+ 


k  I  ^ 
38  a 


35 


k  k  ^(B  H  )% 
35  182  6 


(98) 


(94) 
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and  substitution  of  the  same  expression  into  equation  (96)  yields: 


(B  H  )  = 
2  4 


k  I  K 

38  a 


(99) 


Using  these  expressions  in  the  product  rate  equations,  Equations  (92) 
and  (93),  one  obtains: 


d  B  H 
4  10 

dt 


d  H 


dt 


“=1a(B2H6)+  T^T(B2H6)% 

k18 


(100) 


and 


Hho  =  <K  = 


<W  + 


^s'W 

%  Yi 

k18  Xa 


(Case  2) 


(101) 


Utilizing  Reaction  (37)  as  the  chain  terminating  step,  the  product 
rate  expressions  are: 


dB4H10 

dt 


k  (B  H  )(B  H  ) 

39  2  4  2  6 


(102) 


and 


d  H. 


dt 


k35  (H,(B2H6) 


(93) 


At  steady  state: 


0  = 


d  (B  H  ) 
2  5 

dt 


=  \  (B2H6>  +  -k38(B2H5> 


0  =  —  =  Ia(B2H6)  'k35(HKB2H6)  +  k38(B2H5)  -k37(H>(B2H5) 


dt 


and 


0  = 


d 

dt 


=  k  (B  H  )  -k  (B  H  )(B  H  ) 

38  2  5  .  39  2  4  26 


(95) 


(103) 

(104) 
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The  subtraction  of  Equations  (103)  and  (104)  one  obtains: 


(B  H  )  = 
'  2  5 


38 


(105) 


The  reduction  of  Equation  (94)  for  each  of  the  steady  state  radical  con¬ 
centrations  leads  to: 


(W  = 


k  *i * 

35  a 


<W 


(106) 


38 


and 


(H)  = 


*38^2 


*35  37 


(107) 


substitution  of  the  expression  for  the  diboryl  radical  concentration, 


Equation  (106),  into  Equation  (95)  yields  after  reduction: 


(B2H4> 


v  \  \  * 

*35  38  xa 


^39 


>6 

37 


(108) 


Using  the  above  expressions  for  the  radical  concentration,  the  rate  of 


product  formation  expressions  take  the  form: 

d  H 


dt 


d  B  H, 

4  10 

dt 


k/k*i  * 

35  38  a 


k  ^ 
K37 


(B2H6> 


and 


6  H  =|)B  H 

T  2  i  4  10 


k  \  * 

k35^38 

,  %  K  (B2H6) 

k37  \ 


(45) 


Mechanism  A  -  With  Added  Molecular  Hydrogen 

B  H  +  Hg  6(3P  )  xIa.  B  H  +  H  +  Hg  6 {l  S  ) 
~  '  ’  '  ^  2  5-  0 


2  6 


1 


(49) 


H2  +  Hg  6(3Pji  )  H  +  H  +  Hg  6(1Sq) 


(50) 
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H  +  B  H 

2 

B  H  +  B  H 

2  5  2 

H  +  B  H 
2 


6 

6 

5 


>  B  H  +  H 
2  5  2 


->  B  H  +  H 

4  10 


B2H6 


(35) 

(36) 

(37) 


3 

The  addition  of  molecular  hydrogen  to  the  Hg  6(  )  -  diborane 

reaction  system  requires  the  consideration  of  the  hydrogen  atoms  pro¬ 
duced  by  the  fraction  of  excited  mercury  atoms  quenched  by  added  hy¬ 
drogen.  In  the  above  scheme  the  x  and  y  refer  to  the  fraction  of  the 
3  13 

Hg  6(  P i  )  atoms  quenched  by  the  diborane  and  hydrogen  molecules 
respectively. 

The  expressions  for  the  rate  of  tetraborane  formation  takes  the 
following  form: 


dB4H10 

dt 


=  k  (B  H  )( B  H  ) 

36  2  5  2  6 


(85) 


At  steady  state: 

°  =  ■  d  df 5  =  Xla  +  k35  (H)(B2H6>  -k36(B2H5)(B2H6)-k37(H)(B2H5) 


0==  =  Xla  +2yIa  -k35(H)(B2H6)+k36(B2H5)(B2H6)  ^7  (H)(B2H! 


Adding  Equations  (109)  and  (110)  one  obtains  the  expression: 


(H) 


+  ^ 

k37^B2H5^ 


(111) 


Subtracting  Equations  (109)  and  (110)  yields 


(H)  = 


^a  +  k36  (B2H5)(B2H6} 

k35  (B2H6) 


(112) 


(109) 

)  (110) 


' 


\ 
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and  equating  (112)  and  (111)  gives 


0  =  k^7(B?HA){B;>HJ  +k„yI  (B,H  )  -k  (B  H  )(xl  +yl  ),  (113) 

36  37  26  25  37  a  25  35  26  a  a 

a  quadratic  equation  of  the  form 


ax  +  b  x  +  c 


(114) 


The  root  may  be  determined  by 


x  =  -b 


-4ac 


2a 


(115) 


Designating 


a  =  k  k  (B  H  ) 
36  37  2  6 


b  = 


(116) 

(117) 


C  =  -k  (B  H  )  (xl  +yl  ) ... 
35  2  6  a  a 


the  real  root  becomes 


(B  H  )  = 

2  5 


-k  yl  + 
37  y  a 


/ 


(118) 


k  (yl  )2  +  4k  k  k  I  (B  H  )2 
37  a  35  36  37  a  2  6 


2  k  k  (B  H  ) 
36  37  v  2  6 


(119) 


substituting  this  expression  in  the  equation  for  the  rate  of  tetraborane 
formation,  Equation  (85),  yields  upon  reduction: 


d  B  H 
4 


io  hlJ 


dt 


k35k36/T2  u  yIa 

"k - (B2H6fla  '  “2" 

37 


As  yl  - ^  0 

a 


d  B  H,  „ 

4  10 

dt 


k  ^ 


2  6 


37 


or  the  expression  is  equivalent  to  Equation  (44). 


(44) 
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APPENDIX  IV 

ESTIMATED  BOND  ENERGIES  OF  THE  BORON  HYDRIDES 


The  relationship  between  atomic  heats  of  formation,  bond  dissoci¬ 
ation  energy  and  the  "average"  bond  energies  used  by  Pauling^  has 

12  8 

been  discussed  by  Szwarc  and  Evans  .  They  have  shown  that  the 
premise  that  the  dissociation  energy  of  a  single  bond  can  be  equated  to 
the  "average"  bond  energy  depending  upon  an  initial  assumption  that  the 
molecular  force  field  is  of  the  simple  valence  type.  Such  an  assumption 
cannot  be  entirely  correct  since  no  molecule  seems  to  obey  exactly 
these  requirements.  Some  molecules,  particularly  the  simple  hydro¬ 
carbons,  can  be  described  by  a  molecular  force  field  to  a  moderate 
degree  of  accuracy,  however,  such  molecules  contain  covalent  bonds  of 
the  simple  sigma  type  and  their  structures  have  a  regularity  not  present 
in  the  boron  hydrides.  Nevertheless,  in  spite  of  the  number  of  bond  types 
involved  in  the  previous  structural  description  of  the  boron  hydrides,  two 

separate  attempts  to  estimate  the  bond  energies  of  the  various  bond  types 

129  130 

appear  in  the  literature  ’  .  The  authors  are  explicitly  cognizant  of 

the  above  limitations  as  to  the  accuracy  of  their  estimates. 

129 

Prozen  and  coworkers  determined  the  heats  of  decomposition 

of  the  boron  hydrides  by  a  method  involving  pryrolysis  of  the  compounds 

130 

in  a  furnace  enclosed  within  a  calorimeter.  Later,  Gunn  and  Green 
used  a  method  whereby  mixtures  of  the  hydride  compounds  and  stibine 
were  exploded  to  produce  decomposition.  The  results  obtained  by  the 
two  methods  agree  remarkably  well  and  the  thermochemical  data 


. 


174 


obtained  in  the  latter  studies  are  listed  in  Table  XXII  along  with  the 
number  and  types  of  bonds  postulated  in  the  structure  of  the  respective 
compounds. 

To  calculate  the  bond  energies,  we  now  have  four  equations  in  four 
unknowns.  However,  in  order  to  calculate  the  dissociation  energies  by 
the  simplest  approach  Gunn  and  Green  substracted  the  dissociation 
energy  calculated  by  Bauer^  (28.  4  kcal/mole)  for 

B2H6  ^  2BH3  •  <*> 

t  , 

from  the  A  Ha  for  diborane  to  obtain  E(B-H),  E(B-H-B)  and  E(B-B)  from 
BH^,  B2H6  and  B4H1Q  successively: 


E(B-H)  = 

1/3  Ah  (bhj 

2-  j 

(120) 

E(B-H-B) 

-  l/2AHa(B2H6)  -4E(B-H) 

(121) 

E(B-B)  = 

AHa(B4H10)  -6E(B-H)  -4E(B-H-B) 

(122) 

E(B-B-B)  then  can  be  calculated  from  this  combination  along  with  the 
heat  of  atomization  of  B^H^  or  B^H-q. 

The  dissociation  energy  of  diborane  has  been  a  subject  of  contro¬ 
versy  for  some  time.  The  value  of  28.4  kcal/mole  proposed  by  Bauer 
based  upon  his  study  of  amine-borane  adducts  now  seem  low  when 

O  C 

compared  to  more  recent  studies.  Garabedian  and  Benson-3  published 
a  thorough  analysis  of  the  data  on  the  rates  of  decomposition  of  BH^CO 
to  CO  and  B2H^  by  Burg^l  and  Fu  and  Hill^^.  They  set  32  and  38  kcal 
/mole  as  upper  and  lower  limits,  respectively.  A  mass  spectrometric 
investigation  of  the  above  systems  by  Fehlner  and  Koski  yielded  a 
value  of  37  kcal/mole  for  AH^gg  and  was  compared  with  a  value  of  39 


. 


. 


- 


TABLE  XXII 


cL 

Heats  of  Formation  and  Heats  of  Atomization  of  the  Boron  Hydrides  . 


Compound 

o 

Hf 

H 

a 

B-H 

Bond  Types 

B-H-B 

B-B 

B-B-B 

B2H6 

7.  5 

575.  48 

4 

2 

VlO 

13.  8 

1047.  98 

6 

4 

1 

B5H9 

15.  0 

1129.  91 

5 

4 

2 

1 

B5Hn 

22.  2 

1226.  89 

8 

3 

0 

2 

a)  Ref.  (130). 
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kcal/mole  obtained  by  the  same  authors^^  in  an  electron  impact  study 

13  5 

on  pure  diborane.  Others  have  proposed  a  still  higher  value  of  55 
kcal/mole  based  on  a  mass  spectrometric  study  of  the  diborane  pyroly 
sis  reaction.  However,  as  in  the  case  with  Bauer's  original  studies, 

the  homogeneity  of  the  system  is  in  question. 

136 

Recently,  Berg  and  FuUD  have  demonstrated  the  BH3PF3  decom 
poses  by  the  same  mechanism  as  BH3CO'  In  addition  the  perfluoro- 
phosphine- borane  system  lends  itself  to  very  sensitive  studies  by  its 
infrared  absorption  characteristics.  The  results  of  this  study  yielded 
a  value  of  35  kcal/mole  for  the  dissociation  of  diborane  into  borane 
groups. 

The  energies  estimated  for  the  dissociation  of  the  bonds  in  the 
boron  hydrides  by  both  Frozen  et.  al.  and  Gunn  and  Green  appear  in 
Table  XXIII.  The  values  in  the  column  at  the  extreme  right  are  com¬ 
puted  from  the  data  of  Gunn  and  Green  according  to  their  method  and 
corrected  to  Berg  and  Fu's  value  of  35  kcal/mole  for  the  diborane 


dissociation. 


. 


■ 
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TABLE  XXIII 

Estimated  Bond  Energies  for.  the  Boron  Hydride  Bond  Types 


Bond  Type 

Prozan*' 

E  ,  kcal/mole 

dis  s 

Gunn  &:  Green^ 

c 

B-H 

93.  1 

91 

90 

B-H-B 

107.  2 

105 

107.  6 

B-B 

83.  1 

79 

76. 4,(79) 

B-B-B 

97.  7 

91 

90.  6 

a)  Ref.  (129) 

b)  Ref.  (130) 


c)  Computed  on  the  basis  of  Gunn  &  Green’  s  data  while  using  Berg  &  Fu’  s 
value  of  35  kcal/mole  for  the  dissociation  of  diborane. 


d)  (  79  )  value  computed  from  B^H^heat  of  atomization. 


' 

